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Abstract
Limited attention has been directed toward the influence of non-abusive parenting behav-

iour on brain structure in adolescents. It has been suggested that environmental influences

during this period are likely to impact the way that the brain develops over time. The aim of

this study was to investigate the association between aggressive and positive parenting

behaviors on brain development from early to late adolescence, and in turn, psychological

and academic functioning during late adolescence, using a multi-wave longitudinal design.

Three hundred and sixty seven magnetic resonance imaging (MRI) scans were obtained

over three time points from 166 adolescents (11–20 years). At the first time point, observed

measures of maternal aggressive and positive behaviors were obtained. At the final time

point, measures of psychological and academic functioning were obtained. Results indi-

cated that a higher frequency of maternal aggressive behavior was associated with alter-

ations in the development of right superior frontal and lateral parietal cortical thickness, and

of nucleus accumbens volume, in males. Development of the superior frontal cortex in

males mediated the relationship between maternal aggressive behaviour and measures of

late adolescent functioning. We suggest that our results support an association between

negative parenting and adolescent functioning, which may be mediated by immature or

delayed brain maturation.

Introduction
Adverse childhood environments represent an important risk factor for the development of
psychopathology later in life [1], and there is accumulating evidence from human and animal
research that neurobiological changes may partially mediate this relationship [2, 3]. Indeed,
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there has been a recent surge of interest in the effects of adverse childhood environments on
the brain, with a number of recent reviews highlighting the deleterious effects of adverse early
environments on brain structure [4–6].

Although much research has focussed on relatively extreme forms of adverse environments,
such as child abuse, less human work has investigated the effects of variation in parenting
behaviors that might be considered less severe and more subtle. This is despite the fact that
such variation in parenting behavior has long been suggested as critical for child development
[7, 8]. Indeed, in a recent review, Belsky and de Haan [9] suggest that research on the influence
of the environment on the brain has reached “the end of the beginning”, and that “work is now
needed to determine whether and how variation in parenting in the normal range affects the
brain development of children not exposed to extreme adversity” (p 423). Much animal litera-
ture supports associations between variations in maternal care and offspring brain develop-
ment and behavior [see 10, 11]. For example, increased maternal licking/grooming behavior in
rodents has been linked with decreased offspring anxiety and associated changes in function of
the prefrontal cortex [12]. Maternal presence has been shown to alter rodent pup’s fear learn-
ing via social buffering blockade of amygdala plasticity [13]. In humans, we and others have
found that negative, harsh or punitive parenting, and lower levels of positive, warm or support-
ive parenting, prospectively predict child emotional and behavioral problems that persist into
adolescence and adulthood [14, 15]. Further, recent research provides evidence for links
between normative variation in parenting behaviors/characteristics and child brain structure
and function in regions including the prefrontal cortex [16–19], hippocampus [17, 20, 21],
amygdala [19], and striatum [17].

While there is emerging evidence that parenting practices are associated with brain struc-
ture in humans, few studies have assessed measures of brain development. Such research is cru-
cial for understanding how the neurobiological effects of parenting might unfold over time.
This is particularly critical for the adolescent period, where brain maturation is dynamic, and
measures of brain changemay be particularly informative about neural insults. Indeed, our
work has shown positive maternal behavior directed to the child to be associated with an accel-
eration of the normal pattern of cortical thinning in the prefrontal cortex during early adoles-
cence [22]. Further, other research has shown that structural brain development during
adolescence is related to cognitive and emotional functioning [23–25]. It is of note that in these
studies, accelerated maturation post puberty, or an exaggeration of the normative pattern of
growth (e.g., cortical thinning in the prefrontal cortex), generally appears to reflect positive
development (i.e., is associated with superior functioning). For example, exaggerated thinning
in the ventromedial prefrontal cortex has been associated with less depressive/anxiety symp-
toms in adolescents [23]. Exaggerated thinning of the anterior cingulate cortex during adoles-
cence has been associated with greater inhibitory control [26]. Less research has investigated
predictors and correlates of subcortical development, and the existing literature base does not
point to a clear pattern of ‘adaptive’ development. For example, we previously found that posi-
tive parenting was associated with attenuated growth of the amygdala in early adolescence,
while aggressive parenting was associated with exaggerated growth of the putamen [22].

The aim of the current study was to examine the effects of negative and positive parenting
during early adolescence on structural brain development across the entire adolescent period
using a multi-wave longitudinal design. Unlike cross-sectional studies, which are common in the
brain development literature, longitudinal methods can make specific inferences about intraindi-
vidual change. Further, when assessing effects across large age spans, effects observed in longitu-
dinal studies are more likely due to age as opposed to cohort effects [27]. We utilized
observational measures of maternal positive behaviors during a conflict resolution task with their
adolescent child, and maternal aversive/aggressive behaviors during a pleasant event planning
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task. These ‘out of context’ behaviors are likely to be particularly important indicators of moth-
ers’ own emotionality (and emotion regulation), which have been suggested to shape adolescents’
emotion regulatory abilities and social competence [28]. These behaviors thus have implications
for adolescent functioning in a range of life domains. For example, these specific maternal behav-
iors have been shown to predict child mental health outcomes, such as onset of depressive disor-
der [14]. As such, it is of particular interest to assess their impact on brain development.

This study builds on our earlier work in important ways; first, we examined brain develop-
ment across the entire adolescent period, from age 11 to 20 (whereas our previous work has
only examined development during the early to mid-adolescent period). Second, we investi-
gated the effects of parenting behaviors on brain development using a whole-brain vertex-wise
approach (rather than restrict analyses to a small number of regions of interest (ROIs). Third,
we investigated how brain changes associated with parenting were in turn related to adolescent
functioning. We hypothesized that a lower frequency of aggressive maternal behavior, and a
higher frequency of positive maternal behavior, would predict an exaggeration of the normal
pattern of growth of cortical thickness, particularly in prefrontal regions previously implicated
in cross-sectional research on parenting and child brain structure. Due to the relative lack of
prior research on environmental impacts on subcortical brain development, while we hypothe-
sized that positive and negative parenting would be associated with the development of medial
temporal and basal ganglia volumes, we did not make specific hypotheses about the direction
of association. Finally, we hypothesized that the neurodevelopmental patterns associated with
parenting will in turn be associated with behavioral functioning during late adolescence.

Materials and Methods

Participants and Recruitment
The sample described in the current study was derived from a larger (N = 2453) Australian lon-
gitudinal cohort. Based on their scores on the Early Adolescent Temperament Questionnaire-
Revised (EATQ-R, [29]), 415 year six primary school students was selected to be part of the
study, which has previously been described in detail by Yap and colleagues [30]. Adolescents at
the extreme ends of the temperamental distribution were oversampled to maximize inter-indi-
vidual differences in psychological well-being.

Of the selected adolescents, 245 agreed to participate in further research, and were invited
to take part in brain Magnetic Resonance Imaging (MRI) assessments at three time points,
when they were aged approximately 12, 16 and 19, respectively. Participants were assessed for
Axis 1 disorders at each of these time points using the Schedule for Affective Disorder and
Schizophrenia for School-Aged Children: Present and Lifetime Version. Socioeconomic classi-
fication (SES) was assessed based on the Australian National University Four (ANU4) Scale
[31]. Maternal depressive symptoms were assessed at the first time point using the Centre for
Epidemiological Studies Depression Scale (CES-D, [32]). A number of adolescents declined
participation in the MRI assessments, resulting in 177 participants completing an MRI assess-
ment at one or more time points. Based on visual inspection of processed MRI data by a
researcher trained in neuroanatomy, nine of these participants were excluded due to poor MRI
image quality and parcellation. In addition, two participants with full scale intelligence quotient
(IQ) lower than 70 were excluded from analyses.

Following exclusions, 166 participants (n = 86 males) aged 11 to 20 years were available for
analysis. Seventy-three of these participants had three scans, 55 had two scans and 38 had one
scan. Males and females did not differ on the demographic or maternal behavior variables
listed in Table 1 (all p values> 0.05). The final sample exhibited normal distribution on all
temperamental factors (i.e. Negative Affectivity, Effortful Control, Surgency, Affiliation;
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p> 0.05), suggesting that the sampling bias used for recruiting participants had “re-normal-
ized”. The final sample also did not differ from the initial school screening sample (N = 2453)
on socioeconomic disadvantage (t(2439) = -1.053; p = 0.29) or sex (Pearson’s χ2 = 1.963;
p = 0.743). Twenty-eight participants of the final sample met the criteria for past or current
psychiatric disorder at Time 1 (T1). An additional 28 participants met criteria for psychiatric
diagnoses at Time 2 (T2), and 19 participants at Time 3 (T3). The prevalence of psychopathol-
ogy in the sample is consistent with previous reports in large community samples [33]. We did
not exclude participants with psychopathology because we wanted to model the effects of par-
enting on brain development in a normative community sample of adolescence, rather than an
unrepresentative healthy sample. Refer to S1 Table for further detail on psychiatric diagnoses.
However, we did investigate the influence of psychiatric diagnosis on results, described below.
Written informed consent was obtained from the child and at least one parent/guardian at
each time point. The research was approved by the Human Research Ethics Committee at The
University of Melbourne, Australia.

Family interaction assessment and measures
Adolescents and mothers completed the lab-based interaction assessment at T1. Mother-ado-
lescent dyads completed two 20-min interaction tasks that were video recorded for subsequent
coding. An event-planning interaction (EPI) was completed first, followed by a problem-solv-
ing interaction (PSI). The EPI and PSI tasks were intended to differentially elicit positive and
negative behavior, respectively. The Living in Family Environments (LIFE) coding system [34]
was used to code verbal and non-verbal maternal behavior from the video-recorded interac-
tions. Codes were used to develop composite aggressive and positive behavior constructs, Mea-
sures of frequency (i.e., average number of times a mother expressed each behavior type per
minute) of aggressive behavior during the EPI, and of positive behavior during the PSI were
used in analyses. See S1 Methods and Results for more details about the coding procedure.

Outcome measures
The child global assessment scale (CGAS, [35]) was administered to adolescent participants by
trained research assistants to assess general functioning during late adolescence. The CGAS

Table 1. Sample characteristics.

Sex

Male Female Total

T1 age (years) 12.83; 0.452 12.77; 0.394 12.79; 0.425

T2 age (years) 16.70; 0.559 16.71; 0.480 16.70; 0.518

T3 age (years) 19.10; 0.507 19.05; 0.413 19.08; 0.460

Delay time 1-2 (years) 3.80; 0.158 3.87; 0.237 3.83; 0.204

Delay time 2-3 (years) 2.40; 0.177 2.35; 0.251 2.38; 0.219

Estimate Full Scale IQ 107.96; 15.51 107.75; 15.80 107.86; 15.60

SES 58.14; 20.42 58.01; 21.36 58.08; 20.80

Maternal aggression RPM 0.55; 0.33 0.62; 0.39 0.58;0.36

Maternal positivity RPM 1.75; 0.60 1.68; 0.61 1.71; 0.62

NB: Values represent mean; standard deviation.

RPM = rate per minute, T1 = Time 1, T2 = Time 2, T3 = Time 3, IQ = intelligence quotient,

SES = socioeconomic status.

doi:10.1371/journal.pone.0147774.t001
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has no subscales but rather results in a total score from one to 100, with higher scores indicat-
ing superior functioning across a range of domains (i.e., functioning at school, home and with
peers, involvement in activities and hobbies, absence of behavioral disturbance and psychiatric
symptoms). During late adolescence, as part of the CGAS assessment, information was also
collected pertaining to academic functioning (12th/senior year completion and Australian Ter-
tiary Admission Rank (ATAR) scores [a percentile ranking of high school graduates’ final
assessment performance], if applicable).

MRI acquisition and analysis
Image acquisition. At T1, MRI scans were performed on a 3 Tesla GE scanner at the

Brain Research Institute, Austin and Repatriation Medical Centre, Melbourne, Australia, with
the following parameters: repetition time = 36 msec; echo time = 9msec; flip angle = 35°, field
of view = 20cm, 124 T1-weighted contiguous slices (voxel dimensions = 0.4883 x 0.4883 x
1.5mm). MRI scans at T2 and T3 were performed on a 3 Tesla Siemens scanner at the Royal
Children’s Hospital, Melbourne, Australia, with the following parameters: repetition
time = 1900 msec; echo time = 2.24 msec; flip angle = 9°, field of view = 23cm; 176 T1-weighted
contiguous slices (voxel dimensions = 0.9mm3). Although different scanners were used at T1
and T2, no inter-scanner bias was found (see S1 Methods and Results, S2 Table and S1 Fig for
more details).

Image processing. Cortical reconstruction was performed using the longitudinal stream
of FreeSurfer version 5.3 [36], which creates a within-unbiased subject template space and
average image from both time points using robust, inverse consistent registration [37]. Cortical
thickness values were automatically quantified within FreeSurfer on a vertex-by-vertex basis by
computing the average shortest distance between the white matter boundary and the pial sur-
face [38]. Subcortical volumes were estimated using an automated subcortical segmentation
procedure that involves the assignment of a neuroanatomical label to each voxel in a MRI vol-
ume using a probabilistic atlas and Bayesian classification rule for label assignment. See S1
Methods and Results for further details about image processing.

Statistical analysis
For cortical thickness, all statistical analyses were conducted in Matlab R2012a using the Free-
surfer toolbox [39]. Separate linear mixed models were used to investigate the effect of mater-
nal aggressive and positive behavior (during the EPI and PSI, respectively) on cortical
development. Linear mixed modelling is an advanced technique for modelling within-person
systematic change and between-person differences in development across different measure-
ment waves over time. It is a flexible approach that can handle unbalanced repeated measure-
ments with missing data. For each vertex of the cortical reconstruction, we fitted full analytic
models to investigate the quadratic and linear effects of age, as well as interactions with sex and
maternal behavior. In addition, SES was included as a covariate. Full models were represented
by the following equation (mb = maternal behavior):

Intercept þ dij þ b1ðageÞ þ b2ðsexÞ þ b3ðSESÞ þ b4ðmbÞ þ b5ðage2Þ þ b6ðage � sexÞ þ b7ðage �mbÞ þ b8ðsex �mbÞþ
b9ðage2 � sexÞ þ b10ðage2 �mbÞ þ b11ðage � sex �mbÞ þ b12ðage2 � sex �mbÞ þ eijk

The dij term represents the random effect of the intercept within each vertex (j) in each sub-
ject (i). The eijk represents the normally distributed residual error term. Age, sex, SES, and
maternal behavior effects were fixed, with β representing the parameter estimates for each of
the main effects and interactions. All models were run with mean-centered age and maternal

Parenting and Brain Development

PLOS ONE | DOI:10.1371/journal.pone.0147774 January 29, 2016 5 / 15



behavior terms. Full models were reduced using a top-down method based on the significance
of higher-order terms. Significant effects (that survived False Discovery Rate correction of
p< 0.05) were then visualized within FreeSurfer.

For subcortical volumes (left and right amygdala, hippocampus, caudate, putamen, palli-
dum, thalamus, nucleus accumbens), analyses were conducted using SPSS version 20 and
results were considered significant at p< 0.0154 (corrected for multiple comparisons using
false discovery rate p< 0.05) [40]. Similar linear mixed models (as described above for cortical
thickness) were used to analyze the data, with separate models employed for each ROI.

Although we included participants with a history of psychopathology so that findings were
representative of a community sample, we conducted follow-up analyses on significant results
to investigate the possible influence of psychiatric diagnoses. Specifically, significant models
were re-analyzed with the inclusion of lifetime disorder (present vs absent) as a covariate. Fur-
ther, it might be argued that any effects of maternal behavior on adolescent brain development
might be better explained by other factors that might influence parenting behavior, such as
maternal mental health, or patterns of adolescent interactional behaviors that elicit specific
parent behaviors. As such, the follow-up analyses also included maternal depressive symptoms
and adolescent behavior during the interactions (i.e., frequency of adolescent aggressive behav-
ior for analyses of maternal aggressive behavior, and frequency of adolescent positive behavior
for analyses of maternal positive behavior) as covariates.

For any region whose development was found to be associated with maternal behaviour,
mixed models were employed to assess whether development of this brain region was associ-
ated with late adolescent functional outcomes.

Results

Cortical thickness
No significant interactions between the quadratic effect of age, sex and maternal behavior
were found. However, analyses revealed a significant 3-way interaction between age, sex and
maternal aggressive behavior in the prediction of cortical thickness in the right hemisphere,
indicating that maternal aggressive behavior predicted linear age-related changes in cortical
brain development differently for males and females (see Fig 1a). Separate analyses by sex
revealed that age by maternal aggressive behavior effects were present in males, but not
females, in the superior frontal gyrus, supramarginal gyrus and superior parietal lobe (see Fig
1b). There were some age by maternal aggressive behavior effects evident in females (superior
and inferior parietal lobe), but these did not survive correction for multiple comparisons (see
Fig 1b). Average thickness from each significant cluster that survived correction for multiple
comparisons was extracted and plotted in order to explore the nature of the interaction (see
Fig 2 and Table 2). While analyses were performed on continuousmaternal behavior mea-
sures, to facilitate ease of interpretation, high (+1 SD) and low (-1 SD) levels of maternal
aggressive behavior were plotted.

As can be seen from the data points in Fig 2 and statistics in Table 2, for males, cortical
thickness in the superior frontal gyrus, superior parietal lobe and supramarginal gyrus devel-
oped in a quadratic pattern over adolescence, with thickening from early to mid-adolescence,
and flattening or thinning from mid- to late adolescence (note that model fit statistics from
mixed models without predictors/covariates confirmed that quadratic age models fit the data
better than linear age models for the superior frontal gyrus and supramarginal gyrus ROIs,
whereas a linear age model was the best fitting model for the superior parietal lobe ROI). Fig 2
illustrates that those males with mothers who displayed a higher frequency of aggressive behav-
ior during early adolescence, had exaggerated increases in cortical thickness in the superior
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frontal gyrus, superior parietal lobe and supramarginal gyrus from early to late adolescence,
compared to those males with mothers who displayed relatively less aggressive behavior.

Regarding maternal positive behavior, whole brain vertex-wise mixed model analyses
showed that there were no main effects or interactions with age that predicted cortical thick-
ness in either right or left hemisphere.

Subcortical Volumes
There was a significant interaction between the quadratic effect of age, sex and maternal aggres-
sive behavior predicting left nucleus accumbens (NAcc) volume (β = 12.77, t = 2.56, p = 0.012).
Separate analyses for each sex revealed a significant quadratic age by maternal aggressive behav-
ior effect for males (β = -9.65, t = -2.60, p = 0.012) but not females (β = 3.21, t = 0.97, p = 0.337).
As can be seen from the data points in Fig 3, for males, left NAcc volume developed in a qua-
dratic pattern over adolescence, with marked decreases from early to mid-adolescence, and flat-
tening or slowed decrease frommid- to late adolescence (note that model fit statistics from
mixed models without predictors/covariates confirmed that a quadratic age model fit the data
better than a linear age model for this region). Fig 3 illustrates that males whose mothers behaved
relatively less aggressively showed a steep decrease in NAcc volume from early to mid-adoles-
cence, followed by a deceleration in this pattern of decrease frommid- to late adolescence. On
the other hand, males whose mothers behaved relatively more aggressively showed a flatter vol-
ume decrease from early to late adolescence. There were no other parenting main effects or inter-
actions with age that predicted subcortical volume in either right or left hemisphere.

Fig 1. Association betweenmother aggressive behavior and brain development. a) Mother aggressive behavior by age by sex interactions for right
hemisphere cortical thickness (FDR corrected, p < 0.05), and b) mother aggressive behavior by age interactions for male cortical thickness (left two images,
FDR corrected, p < 0.05), and for female cortical thickness (right image, uncorrected, p < 0.001).

doi:10.1371/journal.pone.0147774.g001
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Covariates
Controlling for maternal depressive symptoms, child aggressive/positive behavior, and psychi-
atric diagnosis did not change the pattern of significant and non-significant effects reported
above.

Fig 2. Mother aggressive behavior by age interaction for clusters that survived FDR (p < 0.05) correction for males.Data points represent predicted
volume at each time point, and red and blue lines represent fitted age curves, for adolescents with high and low aggressive mothers, respectively.

doi:10.1371/journal.pone.0147774.g002
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Functional outcomes
The association between brain development and adolescent outcomes was investigated for
those brain regions whose development was significantly associated with parenting (i.e., male
right superior frontal gyrus, superior parietal lobe and supramarginal gyrus, and male left
nucleus accumbens). Mean thickness for cortical clusters was extracted for use in mixed model
analyses. Mixed model analyses showed that linear developmental changes in the superior
frontal region in males (i.e., changes identified to be associated with maternal aggressive behav-
ior) were associated with final year school completion (t = 2.41, p = 0.017) and with global
functioning (t = -2.09, p = 0.039). These results remained after controlling for SES, maternal
aggressive behaviour, maternal depressive symptoms, child aggressive behavior and history of
psychiatric diagnosis. Relative thickening of the superior frontal region over time was associ-
ated with poorer global functioning and lower rates of school completion. Of note, while
maternal aggressive behavior during early adolescence was not directly associated with global
functioning in late adolescence for males, relative superior frontal thickening partially medi-
ated the relationship between higher aggressive maternal behavior and school non-completion
(Sobel statistic = -1.96, p = 0.049), and there was a trend for relative superior frontal thickening
to partially mediate the relationship between higher aggressive maternal behavior and poorer
global functioning (Sobel statistic = -1.74, p = 0.082). For no other ROI was development asso-
ciated with functional outcomes. See S1 Methods and Results for details about all associations
between maternal behavior and late adolescent functioning variables.

Discussion
In this multi-wave within-subjects longitudinal investigation of the association between par-
enting and adolescent brain development, we found that a higher frequency of observed aggres-
sive maternal behaviors predicted greater thickening of the right superior frontal gyrus and
areas of the right lateral parietal lobe in males. For the right superior frontal gyrus, this pattern

Table 2. Results of significant models wherebymaternal aggressive behavior predicted development
of cortical thickness in males.

Estimate t p

Right supramarginal

age 0.05 5.45 < 0.001

Maternal aggression RPM 0.11 0.84 0.402

age x age -0.02 -4.86 < 0.001

Maternal aggression RPM x age 0.06 2.64 0.011

Right superior frontal

age 0.01 3.17 0.002

Maternal aggression RPM 0.01 0.10 0.918

age x age -0.002 -2.13 0.036

Maternal aggression RPM x age 0.04 3.83 < 0.001

Right superior parietal

age 0.03 4.97 < 0.001

Maternal aggression RPM 0.05 0.56 0.576

age x age -0.004 -2.16 0.034

Maternal aggression RPM x age 0.04 2.50 0.014

NB: Models without covariates are not presented for simplicity.

RPM = rate per minute.

doi:10.1371/journal.pone.0147774.t002
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was predictive of poor functional outcomes in late adolescence. Higher frequency of maternal
aggressive behavior also predicted a reduced decline in left NAcc volume in males.

Consistent with hypotheses, maternal aggressive behavior was associated with development
in the prefrontal cortex (specifically, the right superior frontal gyrus), however, it was also asso-
ciated with development of thickness in non-hypothesized regions in the right lateral parietal
cortex. This pattern of findings is consistent with previous research investigating the effects of
some forms of childhood adversity on brain structure and function. For example, childhood
adversity has been found to be negatively associated with cortical volume in a neural network
that includes frontal and parietal regions [41]. Further, a recent functional study found parental
criticism to be associated with decreased activity in the right temporoparietal junction extend-
ing to inferior parietal lobe [42].

The right superior frontal gyrus and lateral parietal cortex, including the supramarginal
gyrus, are understood to be involved in executive functions, particularly related to attention
and response inhibition [43]. The right supramarginal gyrus, part of the temporoparietal junc-
tion, is also thought to be an important area for social cognition [42]. These executive functions
are understood to continue to mature during adolescence [44–46], and have been shown to be
associated with adolescent brain development. For example, Tamnes and colleagues [47] found
that superior response inhibition was associated with relatively greater thinning of the lateral
parietal cortex during adolescence, and Luna and colleagues [48] found functional activation
changes from childhood to adulthood during a response inhibition task in lateral parietal
regions, including the supramarginal gyrus. It is thus plausible that the changes in cortical
thickness associated with maternal aggressive behavior may be associated with behavioral
changes in certain types of executive functions. Indeed, we found evidence that maternal
aggressive behavior-related change in the superior frontal cortex was associated with poor
functional outcomes in late adolescence; specifically, poor general functioning and increased
school non-completion rates. Thus, our results support a mediation effect such that aggressive
parenting might indirectly influence poor adolescent outcomes via effects on cortical brain

Fig 3. Mother aggressive behavior by quadratic age interaction for male left nucleus accumbens
volume.Data points represent predicted volume at each time point, and red and blue lines represent fitted
age curves, for adolescents with high and low aggressive mothers, respectively.

doi:10.1371/journal.pone.0147774.g003
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development. The mechanisms of this effect require further investigation (e.g., whether the
link between brain development and functional outcomes is driven by changes in executive
function).

Maternal aggressive behavior was associated with relatively increased thickening across all
cortical regions. In the full male sample, these regions evidenced thickening (see S1 Methods
and Results for full details), which is somewhat unexpected and inconsistent with other reports
of predominant thinning during this age period (e.g., [49]). The discrepancy may be in part
due to the fact that our study included a greater number of within-subject scans than previous
cross-sequential brain development studies (44% of individuals had 3 scans, and 33% had 2
scans) and so we may have more accurately been able to estimate intraindividual change, with
less confounding cohort effects. In any case, it is difficult to say exactly how thickening associ-
ated with maternal aggressive behavior represents an alteration of the normative pattern of
growth. It may be that it reflects an immature or delayed pattern of cortical development,
where cortical thickness is yet to peak. Moreover, ‘flatter’ slopes associated with lower levels of
maternal aggressive behavior may correspond to a more mature pattern of cortical develop-
ment, where cortical thickness has peaked and has started its normative trajectory of thinning.

The mechanism by which aggressive maternal behavior might lead to a delayed or immature
pattern of cortical development is unknown. Speculatively, one mechanism might involve the
neurobiological consequences of stress associated with the experience of threatening maternal
behavior. Alternatively, the neurodevelopmental alterations associated with maternal aggres-
sive behavior might better reflect neural changes associated with deprivation or neglect. That
is, high levels of maternal aggressive behavior might reflect a lack of appropriate parental emo-
tion socialization, whereby children have a limited capacity throughout development to learn
to express and regulate positive and negative emotions. It has been suggested that exposure to
cognitive and social deprivation in children may shape the structure of association cortices
involved in complex social and cognitive processing, as a result of abnormal pruning of synap-
tic connections, or abnormal dendritic branching [6].

The sex differences identified across the cortex are striking. Other studies that have investi-
gated the effects of parenting on child/adolescent brain structure have either found few sex dif-
ferences [22], or have not investigated such effects [20, 21]. Our male-specific findings for the
cortex are at odds with a recent review concluding that females are more sensitive to environ-
mental stressors in terms of psychological and biological consequences [50]. However, there is
research supporting an association between parenting and behavioral problems in males, specif-
ically [51]. Given evidence that deficits in frontal and parietal mediated executive functions are
associated with behavioral problems, including antisocial behavior [52], it is possible that our
findings reflect a specific socio-biological pathway to behavioral problems in males. Important
to note is that maternal aggression was not significantly higher for males compared to females,
and as such, our findings are not likely attributable to sex differences in maternal parenting.

Maternal aggressive behavior was also associated with volumetric change in the left NAcc
for males. Specifically, maternal aggressive behavior was associated with a minimization of the
normative pattern of nonlinear decrease, as predicted. The NAcc is thought to have a primary
role in reward-related processing, but is also thought to be involved in multiple distinct aspects
of cognitive and affective behavior, including operant and emotional learning, response inhibi-
tion and behavioral flexibility [53]. While there were no functional consequences of our result,
given the context in which maternal aggressive behavior was measured (i.e., during a positive
event planning task), it may be that maternal aggressive behavior during this task is somewhat
analogous to the absence of expected positive/rewarding maternal behavior, or even the
absence of anticipation of such behavior, and that this in turn impacted on the development of
reward-related brain regions.
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Interestingly, maternal positive behavior had no effects on adolescent brain development.
Given that maternal positive behavior has been prospectively linked to adolescent outcomes in
ours and other data (e.g., [14]), it is possible that these relationships are mediated by biological
development not captured in this study (e.g., brain function, other indices of structural devel-
opment such as white matter connectivity).

Limitations
While the current study has a number of strengths, including the longitudinal design, and the use
of observed (rather than self-reported) measures of maternal affective behaviors, the results need
to be considered in the context of some limitations. First, we were unable to include fathers in
analyses, due to the low number of participating fathers in the study. Fathers play a significant role
in the socialization of emotion in their children, although this may differ to that of mothers [54].
Second, as MRI scans were acquired multisite, there is a possibility of scanner/sequence bias affect-
ing volumetric and thickness estimates. However, post-acquisition procedures were adopted to
minimize scanner effects on the acquired images. Further, data presented in S1Methods and
Results, S2 Table and S1 Fig showed no interscanner bias for the ROIs in this study. While the
actual trajectories of cortical thickness should be interpreted with caution, importantly, since all
adolescents were assessed in the same scanner at each wave, different scanners would not influence
longitudinal between-individual comparisons. That is, individual differences in maternal behavior
could not have interacted with scanner type in any way that might bias the reported results.

Conclusion
This is the first study to our knowledge to investigate the effects of parenting behaviors on ado-
lescent brain development using a within-subjects multi-wave longitudinal design. We found
that maternal aggressive behavior observed in early adolescence was associated with similar
trajectories of development in the right superior frontal and lateral parietal cortices in males
from early to late adolescence. The changes observed in the superior frontal cortex were in turn
associated with poor functional outcomes in late adolescence. Maternal aggressive behavior
also predicted development of the NAcc in males. We interpret these findings as potentially
reflecting a negative effect of maternal aggression on adolescent brain development. Specifi-
cally, maternal aggression appears to be associated with delayed or immature maturation of
specific brain regions that are thought to underlie aspects of cognitive and emotional function-
ing, and some of these changes might mediate a link between aggressive maternal behavior and
poor outcomes in late adolescence and beyond. Further research is required to investigate
whether the parenting-related brain changes observed in this study have implications for func-
tioning, including the development of psychopathology, into adulthood.

Supporting Information
S1 Fig. Inter-scanner reliability analysis. Proportion of male and female participants for
whom ROI thickness increased (green), decreased (blue) or did not change (red) based on the
inter-scanner reliability analysis.
(DOCX)

S1 Methods and Results. S1 Methods and Results provides more detailed information
about methods (family interaction coding and MRI processing, including analysis of inter-
scanner effects) and results (more comprehensive information about associations between
maternal behaviors and adolescent outcomes).
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