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Abstract

Adolescent mental health is impacted by a myriad of factors, including the developing brain,

socioeconomic conditions and changing social relationships. Studies to date have neglected

investigating those factors simultaneously, despite evidence of their interacting effects and

distinct profiles for males and females. The current study addressed that gap by applying

structural equation modelling to IMAGEN data from adolescents aged 14 years (n = 1950).

A multi-group model split by sex was tested with the variables of socioeconomic stress, fam-

ily support, peer problems, and brain structure as predictors, and emotional symptoms as

the main outcome. Findings indicated that, for both sexes, peer problems were positively

associated with emotional symptoms, and socioeconomic stress was negatively associated

with family support. Additionally, there were sex-specific findings within the full models: ven-

tromedial prefrontal cortex grey matter volume was negatively associated with emotional

symptoms for males when corrected for whole brain volume, and socioeconomic stress was

negatively associated with whole brain volume for females. This study underscores the

importance of the peer environment for early adolescent emotional symptoms in both boys

and girls, but goes further to suggest distinct gender associations with socioeconomic fac-

tors and brain structure which provides a multi-level view of risk and resilience. Future

research could exploit existing IMAGEN longitudinal data to strengthen causal claims and to

determine the potential longstanding impact of social environment and brain development

on adolescent mental health.
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Introduction

Adolescent mental health is influenced by a complex, dynamic interaction of biological and

social factors. One such biological factor is the structure and development of the brain, which

is rapidly maturing during adolescence and refining emotional regulation abilities [1, 2].

Those processes are embedded within an increasingly complex social environment, with ado-

lescents becoming more sensitive to peer support and exclusion [3]. Encompassing these are

wider socioeconomic factors that have a top-down effect on social relationships and biological

processes [4, 5]. Social and biological explanations independently provide different levels of

explanation in understanding adolescent emotional symptoms, but it is clear that these levels

interact to affect mental health risk and resilience [6, 7]. This is further determined by sex dif-

ferences in brain development [8, 9], family support [10, 11], sensitivity to peer problems [12],

and anxiety and depression symptoms [13] resulting in different pathways to mental health

risk and resilience according to sex. Therefore, there is a need to consider multiple levels of

explanation to obtain a comprehensive view of adolescent mental health separately for males

and females. This is important as retrospective reports show that half of all individuals

experiencing adult mental health conditions showed symptoms by age 14 years [14] and in the

UK, 1 in 8 young people have at least one mental health problem [15]. Together, those studies

show that early adolescence is a key period for individualised preventative measures and inter-

vention. The current study provides insight into the role of both social and brain structure in

adolescence for males and females separately, thus filling that gap in our understanding.

Adolescence is a time of pronounced brain development, which coincides with advances in

emotional and cognitive abilities. Maturation is not uniform across the brain; there is regional

variation in structural brain development across adolescence. The developmental mismatch

hypothesis posits that subcortical regions mature faster than cortical regions [1, 16, 17]. This

pattern of development has been used to explain the high emotional salience of peer relation-

ships in adolescence and the resultant effect on social behaviour [17–19]. Developmental mis-

match has been shown in the amygdala and prefrontal cortex (PFC), with the amygdala

increasing in volume from late childhood to late adolescence (age 16 years) before stabilising

in the early 20s [1, 20]. On the other hand, PFC volume decreases steadily from early adoles-

cence into the early 20s [1]. Furthermore, these broad growth trajectories have been found to

be different according to sex. For females, amygdala volume has been found to peak in early

puberty; for males it has been found to increase steadily through puberty [8]. Grey matter vol-

ume in frontal regions has also been found to peak earlier in females than males, and male

brain structure has been found to change more during childhood and early adolescence com-

pared to females [9]. These dramatic changes in the adolescent brain have the potential to

explain adolescence as a sensitive period for onset of mental health difficulties [17–19]. A sys-

tematic review looking at structural neuroimaging predictors of depression in childhood and

adolescence found evidence for the role of reductions in prefrontal regions, however findings

were not consistent. These inconsistencies were even more prevalent when looking other

structures such as the amygdala [21]. One reason posited is due to a lack of consideration of

sex differences in the studies. For example, one study found that onset of adolescent depression

was associated with greater amygdala growth in females but attenuated growth in males

between ages 12 and 16 years [6]. This reveals the importance of modelling brain development

separately for males and females in adolescence, as distinct maturational profiles may be

related to onset of mental health difficulties at this age.

As well as the brain, the social environment undergoes rapid development in adolescence.

Adolescents begin to engage in increasingly complex social behaviours and learn to navigate

the adapting social landscape with peers and family. There is evidence that males and females
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have different perceptions of social support during adolescence, with females reporting higher

levels of friend support compared to males [10, 11]. Within group, females reported receiving

the most support from close friends, whilst males reported receiving the most support from

parents and teachers [11]. Despite such differences in perceptions, a meta-analysis found that,

in terms of the effect of support on mental health, there are more sex similarities than differ-

ences: both peer and family support have a moderate protective effect against depressive symp-

toms for both males and females [22]. Altogether, these studies highlight the differences in

perceptions of support between adolescent males and females, but also show that the beneficial

mental health effects of support exist regardless of sex. In a similar vein, poor peer relation-

ships and peer victimisation have been found to predict depressive symptoms during adoles-

cence in longitudinal studies [23, 24]. Whilst it is debated whether there are sex differences in

the amount of peer victimisation [25], there is evidence that girls are more affected by rela-

tional victimisation than boys [12, 26, 27]. In addition, there is conflicting evidence regarding

whether social support buffers against the negative effect of peer victimisation on mental

health [28, 29], or whether those forms of support protect against poor mental health indepen-

dently of any buffering effect [23] including only female-specific effects [30]. Thus, it is impor-

tant to clarify the pathways to understand how to target interventions to improve adolescent

mental health.

Social relationships are also embedded in wider contextual factors that can affect the avail-

ability and effectiveness of support. Low socioeconomic status (SES) has been widely cited as a

predictor of adolescent mental health difficulties [31, 32]. One of the pathways for how SES

affects mental health is through the effect on social relationships. SES has been found to nega-

tively predict both emotional symptoms and peer problems in adolescence [33]. Additionally,

SES affects the benefits of social support; the protective effect of social support against mental

health difficulties has been found to be weaker in socioeconomic disadvantaged areas com-

pared to advantaged areas [32]. SES also affects adolescent mental health through lack of

parental availability, increased family stress, and reduced family support [4, 33–36]. The exis-

tence of sex differences in the relationship between SES and mental health difficulties is

debated, with a systematic review finding conflicting results [31]. However, it could be argued

socioeconomic status affects female mental health more than males due to their increased sen-

sitivity to stress compared to males [35]. Therefore, it is important to disentangle the social

pathways for how SES affects adolescent mental health, and whether females are more affected

through the effects of stress.

The social environment has a profound impact on brain development across adolescence,

which shapes risk and resilience to mental health difficulties. Young people from low income

families have steeper reductions in average cortical thickness between ages 4–20 years com-

pared to those from a high-income family [37]. In terms of family support, higher frequency of

positive maternal behaviours have been found to predict attenuated growth in the right amyg-

dala and accelerated thinning in the ventromedial/orbitofrontal cortex across early adoles-

cence [6]. Sex-specific findings have been revealed, with neighbourhood socioeconomic

disadvantage associated with greater volumetric increases in the amygdala from early to late

adolescence for males but not females [7]. Positive parenting also impacts the relationship

between socioeconomic disadvantage on brain development of frontal regions, and family dis-

advantage affects development of the amygdala in males only [7]. Taken together, it is clear

that there is a nuanced relationship between sex, socioeconomic conditions, social relation-

ships, and brain structure in mental health. The associations between socioeconomic stress,

social relationships, brain structure, and mental health need to be examined for males and

females separately, to determine whether there are distinct social and biological profiles for

adolescent risk and resilience for males and females.
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The current study addresses this gap by simultaneously modelling socioeconomic stress,

social relationships–family support and peer problems–and brain structure separately for

males and females. This was achieved by applying structural equation modelling to a large

dataset that contains rich information on adolescent development and mental health–the

IMAGEN project [38]. Cross-sectional data were selected at age 14 due to the importance of

early adolescence in development of anxiety and depression symptoms [14], and due to the

availability of all variables of interest at this time point. We investigated the following: how

social factors interact and are associated with emotional symptoms for males and females at

age 14 years, whether family support buffers against any negative effect of peer problems on

mental health, how regional brain structure is associated with emotional symptoms, and

whether social factors affect regional brain structure to have a cascading effect on emotional

symptoms. This provided insight into the link between the social environment and brain struc-

ture, and how this affects adolescent mental health for males and females.

Hypotheses

1. For social factors, peer problems and socioeconomic stress will positively predict emotional

symptoms for both males and females at age 14 years. The effect size will be stronger for

females compared to males due to the stronger negative effect of relational victimisation

and stress on emotional symptoms. Socioeconomic stress will negatively predict family sup-

port, but there is no specific hypothesis about whether family support will directly predict

emotional symptoms or not. In addition, no specific direction is predicted for the associa-

tion between family support and peer problems, and thus whether family support mediates

the relationship between peer problems and emotional symptoms.

2. There will be a significant association between amygdala and ventromedial prefrontal cor-

tex (vmPFC) grey matter volume (GMV) and emotional symptoms, and this will be differ-

ent between sex. Due to inconsistencies in the literature, no specific direction is predicted.

3. Social factors will be associated with brain structure; there will be a significant association

between socioeconomic stress and amygdala/vmPFC GMV. Amygdala/vmPFC GMV will

mediate the relationship between socioeconomic stress and emotional symptoms, with sex-

specific findings predicted.

Materials and methods

Data from the IMAGEN project were used. IMAGEN is a European multicentre study that

contains biological, psychological, and environmental variables to assess development and

behaviour in adolescence [38]. Four waves of data are available, with all participants the same

age at each wave: baseline (age 14 years), follow-up 1 (age 16 years), follow-up 2 (age 19 years)

and follow-up 3 (age 21 years). The current analysis uses baseline cross-sectional data at age 14

years.

Participants

Participants were recruited from a diverse range of high schools across eight European sites

(Dresden, Berlin, Mannheim, and Hamburg in Germany; London and Nottingham in the U.

K.; Dublin in Ireland; and Paris in France). Only Caucasian participants were recruited for eth-

nic homogeneity in the genetic analysis. Written informed consent was obtained from all legal

guardians. Local ethics research committees approved the study at each site, with specific

information detailed in S1 Appendix in S1 File.
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Measures

The main outcome measure was emotional symptoms. Models were split by sex at age 14 years

(male/female). Predictor variables included socioeconomic stress, family support, peer prob-

lems, and regional (amygdala and vmPFC) GMV. Separate latent variables were created for

socioeconomic stress, family support, peer problems and emotional symptoms using the ques-

tionnaires and items presented in Table 1.

Socioeconomic stress. Socioeconomic stress was measured by the parent-reported socio-

economic/housing section of the Family Stresses Scale from the parent-reported Development

and Well-Being Assessment (DAWBA) [39]. Parents stated the degree to which unemploy-

ment, financial difficulties, home inadequacy, and neighbour problems made family life stress-

ful, using a three-point Likert scale.

Family support. Family support was measured using the affirmation section of the par-

ent-reported Family Life Questionnaire (FLQ) [40]. Parents answered on a four-point Likert

scale the degree to which their child gets love and affection, is praised and rewarded, etc.

Peer problems. Peer problems were measured using the peer relationship problems sec-

tion of the child-reported SDQ [41]. Participants responded to items such as being alone,

being liked by peers, and being bullied using a three-point Likert scale.

Emotional symptoms. Emotional symptoms were measured using the emotional symp-

toms section of the child-reported Strengths and Difficulties Questionnaire (SDQ) [41].

Table 1. Information on the items used to construct latent variables for socioeconomic stress, family support, peer problems and emotional symptoms.

Latent Variable Questionnaire Items Response Format

Socioeconomic

Stress

Socioeconomic/Housing section of the Family Stresses Scale

from the parent-reported DAWBA [38]

Do any of the following things currently make your family

life stressful:

• You or your partner are unemployed

• Financial difficulties

• Home inadequate for family’s needs

• Problems with neighbours/ the neighbourhood

Three-point Likert

scale:

• 0 = No/Does Not

Apply

• 1 = A little

• 2 = A lot

Family Support Affirmation section of the parent-reported FLQ [39] How well do these descriptions to (child’s name/your

child’s life) in your family?

• Gets love and affection

• Praised and rewarded

• Gets help and support when s/he’s stressed

• Like and respected for who s/he is

Four-point Likert

scale:

• 0 = Not at all

• 1 = A little

• 2 = A medium

amount

• 3 = A great deal

Peer Problems Peer Relationship Problems section of the child-reported

SDQ [40]

Please give your answers on the basis of how things have

been for you over the last six months:

• I am usually on my own. I generally play alone or keep

to myself

• I have one good friend or more (negative loading)

• Other people my age generally like me (negative

loading)

• Other children or young people pick on me or bully

me

• I get on better with adults than with people my own

age

Three-point Likert

scale:

• 0 = Not True

• 1 = Somewhat

True

• 2 = Certainly

True

Emotional

Symptoms

Emotional Symptoms section of the child-reported SDQ [40] Please give your answers on the basis of how things have

been for you over the last six months:

• I get a lot of headaches, stomach-aches or sickness

• I worry a lot

• I am often unhappy, down-hearted or tearful

• I am nervous in new situations. I easily lose

confidence

• I have many fears, I am easily scared

Three-point Likert

scale:

• 0 = Not True

• 1 = Somewhat

True

• 2 = Certainly

True

DAWBA, Development and Well-Being Assessment; FLQ, Family Life Questionnaire; SDQ, Strengths and Difficulties Questionnaire

https://doi.org/10.1371/journal.pone.0280062.t001
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Participants noted the degree to which they had experienced various emotional symptoms

such as somatic pains, worrying, and unhappiness in the last six months using a three-point

Likert scale.

Regional grey matter volume. Grey matter volume (GMV) of the amygdala and ventro-

medial prefrontal cortex (vmPFC) were regions of interest in the present study. Those regions

were chosen due to their structural and functional significance in emotion and social relation-

ships [42–44] and to compare potential developmental mismatch of subcortical (i.e. amygdala)

compared to cortical (i.e. vmPFC) regions in adolescent brain development [1].

Structural MRI was performed on 3T scanners from different manufacturers [38]. A set of

parameters was held constant across sites to address variations in image-acquisition tech-

niques between scanners [38]. T1-weighted MR images were acquired using the magnetization

prepared gradient echo sequence (MPRAGE) based on the Alzheimer’s Disease Neuroimaging

Initiative (ADNI) protocol [38, 45]. More details of the MR scanning protocol is described in

depth elsewhere [38]. T1-weighted images were processed using FreeSurfer 5.3.0 to automati-

cally parcellate the brain, including regional GMV. Amygdala GMV comprised left and right

amygdala GMV, and was extracted using the Aseg Atlas [46]. The vmPFC was defined as the

combination of left and right medial orbitofrontal cortex GMV, in line with previous studies

(e.g. [47]), and extracted using the Desikan-Killiany Atlas [48].

Both uncorrected regional GMV and whole brain volume (WBV) covariate corrected GMV

were explored in separate models. The WBV correction is applied to control for differences in

brain size, which affects regional GMV. WBV was chosen over intracranial volume, and the

covariate method was chosen over the proportionate method, because they have been found to

be more reliable correction methods in developmental samples [2]. WBV was defined as the

‘BrainSegVolNotVent’ variable derived from FreeSurfer using the Aseg Atlas [46]. This vari-

able contains the volume of all segmented brain regions including the cerebellum, but not

including the ventricles, cerebrospinal fluid and dura [49].

Covariates. Covariates in the models included psychiatric diagnosis, indicators for recruit-

ment centre, and mean Pubertal Development Scale score. Psychiatric diagnosis was a binary

variable (Yes/No) determined from any DSM-IV or ICD-10 diagnosis from the DAWBA clini-

cal rater, who made a diagnosis from the information provided in the DAWBA [50]. Psychiatric

diagnosis was added as a covariate to account for the potential effects on social, emotional, and

neural measures. Recruitment centre was added as a covariate to control for potential variability

in MR scanning [38]. Although the current sample are all aged 14 years, differences in pubertal

status may affect factors such as brain development [51] and symptoms of anxiety and depres-

sion [52]. The Pubertal Development Scale (PDS) is a self-report measure of physical changes as

a result of puberty, such as changes in height, body hair and skin, as well as male/female specific

items [53]. Mean PDS scores were derived for males and females separately. Different items

were available to males and females for the PDS items, such as facial hair for males and menar-

che for females, so these were specified accordingly. Only participants who answered all ques-

tions relevant to their sex had their mean score calculated. Exogenous categorical variables were

dummy coded when entered into the model [54], which included psychiatric diagnosis (refer-

ence category = no) and recruitment centre (reference category = Berlin).

Analysis strategy

Out of the 2315 participants with data available for any variable of interest at age 14 years,

1950 were used in the current analysis. The derivation of the sample is depicted in Fig 1. Two

participants were removed from the dataset due to data quality problems identified by IMA-

GEN. One twin sibling was removed from the dataset; the other twin was retained.
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The following structural equation modelling (SEM) assumptions were checked: no outliers,

no missing data, and relative variances between variables [55]. Multivariate normality is typi-

cally investigated, but the current analysis included ordinal-level variables, thus weighted least

squares mean- and variance-adjusted (WLSMV) estimation was used for all analyses instead of

maximum likelihood (ML) estimation. WLSMV makes no assumptions about the distribution

of the data andit uses diagonally weighted least squares (DWLS) to estimate the model parame-

ters but uses the full weight matrix to calculate standard errors and a mean- and variance-

adjusted test statistics [56, 57].

Univariate outliers–defined by the ‘rule of thumb’ of three standard deviations from the

mean–were identified and removed from all neuroimaging variables to account for scanning

inaccuracies and to ensure extreme values did not bias model findings. The number of outliers

for each neuroimaging variable were as follows: WBV (n = 25), amygdala (n = 19), vmPFC

(n = 21). Univariate and multivariate outliers were as follows: single variable (n = 21), WBV,

amygdala and vmPFC (n = 4), amygdala and WBV (n = 3), vmPFC and WBV (n = 12), amyg-

dala and vmPFC (n = 1). Multivariate outliers followed the same direction, i.e., if one value

was three standard deviations below the mean, the other value also followed this.

Fig 1. Flow chart showing the derivation of the sample used for the analysis.

https://doi.org/10.1371/journal.pone.0280062.g001
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Then, participants with complete data available in all variables used in the model were then

retained for the analysis, so that there was no missing data. Ninety-six cases had data missing

in the following measures: missing parent-reported data (e.g. socioeconomic stress and family

support), non-completion of the Pubertal Development Scale, missing SDQ items, and missing

psychiatric diagnosis information. The final sample consisted of 1950 participants. The reason

for using complete data was to allow models to be run on the same data and to allow for model

comparison.

In terms of relative variances between variables, amygdala GMV, vmPFC GMV and WBV

were found to have variances over 1000 times larger than other variables in the model. This

may be problematic as variables with large variances also have comparatively larger residual

values, which means that more emphasis is placed on the larger-variance variables as the esti-

mator calculates the parameters for the best-fitting model [58]. To address this, amygdala and

vmPFC GMV values were divided by 1000, and WBV was divided by 1000000, so that the val-

ues were closer in magnitude to other variables in the model.

Next, measurement invariance analysis and structural equation modelling were conducted,

with detailed information provided in the respective sections below. Analyses were conducted

using the lavaan package (version 0.6–8) [59] in R (version 3.6.3) [60]. Measurement invari-

ance analysis also used the measEq.syntax function in the semTools package (version 0.5–3)

[61]. As mentioned previously, WLSMV estimation was used for all analyses. Model fit was

assessed by the robust chi-square (χ2) fit statistic, robust root mean squared error of approxi-

mation (RMSEA) with 90% confidence interval and robust comparative fit index (CFI). Rules

of thumb were used to assess model fit: robust χ2 p-value > 0.05, robust RMSEA < 0.05 and

robust CFI> 0.95 [55] and were used as a guide rather than as strict rules. A statistically signif-

icant chi-square value is common in models with large sample sizes because there is strong sta-

tistical power to detect small differences [55]. Therefore, less emphasis was placed on this

statistic.

Measurement invariance. Measurement invariance tests were conducted for all latent

variables to assess whether the same constructs were measured for each sex. A multi-group

confirmatory factor analysis was used to test sex invariance of parent-reported ‘family support’

and ‘socioeconomic stress’, and child-reported ‘peer problems’ and ‘emotional symptoms’ at

age 14 years.

First, the configural model specified the structural model of the latent variables, and freely

estimated the item loadings, thresholds, and residual covariance. The latent and item variables’

means/intercepts were fixed to 0 and variance fixed to 1 for model identification [62]. The fol-

lowing constraints were then tested in sequential models: sex equivalence of item thresholds,

factor loadings (metric invariance), item intercepts (scalar invariance) and residual variances

(strict invariance) [62].

Equivalence of item thresholds refer to whether the boundaries between ordinal responses

of an item are similar between groups. In the threshold invariance model, item thresholds are

fixed to equality between groups and model fit is compared to the configural model. In order

to do this, at least three degrees of freedom are required, which refers to four ordinal response

categories per item [62]. This was able to be done for the family support model, however, for

the socioeconomic stress, peer problems and emotional symptoms models, items only had

three response categories, therefore the fit of the threshold invariance model was equivalent to

the configural model due to limited degrees of freedom. For this reason, threshold invariance

was assumed between sex for the socioeconomic stress, peer problems and emotional symp-

toms models, and this model was considered the baseline model [62]. As with the configural

model, the threshold model fixed the latent variables’ means/intercepts to 0 and variances to 1

for model identification; all item thresholds were fixed to equality between sex. Those
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threshold restrictions allowed unnecessary identification restraints to be freed; only the refer-

ence group (female) required the item intercepts fixed to 0 and variances fixed to 1 whilst the

male parameters were freely estimated [62].

Comparative model fit was assessed by comparing the fit of nested, adjacent models

through changes in fit statistics (changes in CFI values�0.01 and RMSEA values of�0.015

indicate poorer fit) [63] and the scaled robust chi-square difference test statistic (significant

difference indicates significantly poorer fit between models). If there were significant changes

in fit, partial invariance was tested by investigating the modification indices to determine

which parameter to free if it was theoretically justified. The adjusted model was than compared

to the previous best-fitting model, and parameters were sequentially freed until good model fit

was achieved. Individual item loadings were inspected in each CFA model. Standardised load-

ings at least 0.5 have practical significance [64], which was implemented as a general rule of

thumb. To assess changes in model fit without low loading items, a separate model was tested

which constrained the low loading item path to zero. Chi-square difference tests were con-

ducted and differences in fit statistics, particularly CFI value, compared to determine the best

fitting model. Significant differences in chi-square values favours the model with additional

parameters and a higher CFI value indicates a better fitting model [65]. For comparison of fac-

tor means to be valid, equivalence of thresholds, loadings, and intercepts–also known as strong

invariance–must be established at a minimum.

Structural equation modelling. Multi-group structural equation modelling (SEM) was

used, with the analysis split by sex. A cross-sectional model of the effect of family support, peer

problems, socioeconomic stress, and structural MRI measures on emotional symptoms was

used (Fig 2). Model 1 contained hypothesised relationships with the uncorrected volumes for

amygdala and vmPFC grey matter volume. Model 2 included WBV into the model. WBV was

Fig 2. Path diagrams of the structural equation models tested. Note: Single-headed arrows show the hypothesised direction of the relationship. Double-

headed arrows show covariance. Latent variables are presented in circles; observed variables are in squares. Separate models were run for males and

females. Covariates and indicator variables for the latent variables are not shown for simplicity.

https://doi.org/10.1371/journal.pone.0280062.g002
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specified as a predictor of amygdala and vmPFC GMV to control for differences in brain size.

Furthermore, WBV was specified as a predictor of emotional symptoms, and predicted by

socioeconomic stress, family support and peer problems. This was to interrogate whether

regional GMV associations in the model were indeed related to regional GMV or whether it

was confounded by WBV. In both models, peer problems as a predictor of family support

were tested to investigate the potential buffering effect of family support for peer problems and

emotional symptoms. If there were a significant association between these variables, the buffer-

ing effect would be formally tested through a mediation analysis, with peer problems as the

predictor, emotional symptoms as the outcome and family support as the mediator.

First, model fit was assessed for each model individually. Then, to allow for model compari-

son, model 1 was nested within model 2 by fixing paths not present in the model (i.e., those

including WBV) to zero. Nested models were compared using chi-square difference tests and

comparing improvements in other fit statistics, such as CFI values [65].

Results and discussion

Descriptive statistics

Descriptive statistics for the continuous variables in the sample with complete data are shown

in Table 2. There were slightly more females (n = 1001) than males (n = 949) in the sample,

however this difference was not significant (χ2 = 1.387, df = 1, p = 0.239). The mean Pubertal

Development Score was significantly greater for females compared to males. As expected,

whole brain volume, amygdala and vmPFC GMV were significantly larger on average in males

compared to females. Furthermore, amygdala and vmPFC GMV had a larger standard devia-

tion in males compared to females.

Responses to categorical and ordinal-level items are detailed in Table 3. A higher propor-

tion of females had a psychiatric diagnosis compared to males (χ2 = 5.945, df = 1, p = 0.015).

Recruitment was fairly distributed; Dublin had a smaller proportion and Nottingham had a

larger proportion of the sample, but this was the same for both sexes (χ2 = 5.528, df = 7,

p = 0.596). Most parents positively affirmed family support items. However, for the item

“Liked and respected for who s/he is”, there was a significant sex difference (χ2 = 9.018, df = 3,

p = 0.029). Parents of male adolescents were more likely to respond “A medium amount”

(post-hoc residual = 2.994, p = 0.022) and less likely to respond “A great deal” (post-hoc resid-

ual = -2.811, p = 0.040) compared to parents of female adolescents. There were sex differences

Table 2. Descriptive statistics for the continuous variables in the sample with complete data, separately for males and females (N = 1950).

Males (n = 949) Females (n = 1001) Sex difference Welch Two

Sample t-test

Variable Mean (SD) Min Max Skew Kurtosis Mean (SD) Min Max Skew Kurtosis t (df)

Mean PDS

Score

2.60 (0.53) 1.0 4.0 -0.48 0.13 3.19 (0.43) 1.4 4.0 -0.83 1.03 27.102 (1820.9)���

WBV (mm3) 1230047.60

(107322.70)

797281.0 1528026.0 -0.57 1.38 1108494.43

(93532.08)

789834.0 1468714.0 -0.09 0.40 -26.603 (1880.5)���

Amygdala

(mm3)

3739.11 (437.80) 2105.7 5036.4 -0.11 0.14 3381.47 (414.38) 2136.4 4992.8 0.15 0.05 -18.505 (1925.5)���

vmPFC

(mm3)

11875.98

(1451.97)

6560.0 16035.0 -0.18 0.30 10840.78

(1297.87)

6887.0 15467.0 0.09 0.01 -16.567 (1896.5)���

Note.

��� = means are statistically significantly different between sex, p < .001. PDS, Pubertal Development Scale; vmPFC, ventromedial prefrontal cortex; WBV, whole brain

volume

https://doi.org/10.1371/journal.pone.0280062.t002
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in responses to all emotional symptoms items (all χ2� 78.436, df = 2, ps < 0.001); males were

more likely to answer “Not true” and less likely to answer “Somewhat True” and “Certainly

True” (all post-hoc residuals� ±2.983, ps� 0.017) compared to females. Peer problems

Table 3. Count data for the categorical and ordinal variables separately for males and females, expressed as both frequency and row percentage.

Males (n = 949) Females (n = 1001)

Variables Response Options Response Options

Psychiatric Diagnosis Yes No Yes No

105 (11.06%) 844 (88.94%) 149 (14.89%) 852 (85.11%)

Recruitment Centre Berlin Dresden Dublin Hamburg Berlin Dresden Dublin Hamburg

114 (12.01%) 124 (13.07%) 94 (9.91%) 111

(11.70%)

132 (13.19%) 120 (11.99%) 87 (8.69%) 134

(13.39%)

London Mannheim Nottingham Paris London Mannheim Nottingham Paris

109 (11.49%) 100 (10.54%) 171 (18.02%) 126

(13.28%)

130 (12.99%) 114 (11.39%) 161 (16.08%) 123

(12.29%)

Family Support Indicators Not at all A little A medium

amount

A great

deal

Not at all A little A medium

amount

A great

deal

Gets love and affection 1 (0.11%) 71 (7.48%) 382 (40.25%) 495

(52.16%)

1 (0.10%) 68 (6.79%) 390 (38.96%) 542

(54.15%)

Praised and rewarded 1 (0.11%) 18 (1.90%) 175 (18.44%) 755

(79.56%)

2 (0.20%) 17 (1.70%) 160 (15.98%) 822

(82.12%)

Gets help and support when s/he’s

stressed

5 (0.53%) 34 (3.58%) 198 (20.86%) 712

(75.03%)

6 (0.60%) 32 (3.20%) 183 (18.28%) 780

(77.92%)

Liked and respected for who s/he is 2 (0.21%) 21 (2.21%) 149 (15.70%) 777

(81.88%)

2 (0.20%) 22 (2.20%) 111 (11.09%) 866

(86.51%)

Emotional Symptoms Indicators Not true Somewhat

true

Certainly true Not true Somewhat

true

Certainly true

I get a lot of headaches, stomach-aches

or sickness

686 (72.29%) 211 (22.23%) 52 (5.48%) 529 (52.85%) 382 (38.16%) 90 (8.99%)

I worry a lot 461 (48.58%) 384 (40.46%) 104 (10.96%) 284 (28.37%) 484 (48.35%) 233 (23.28%)

I am often unhappy, down-hearted or

tearful

787 (82.93%) 139 (14.65%) 23 (2.42%) 605 (60.44%) 330 (32.97%) 66 (6.59%)

I am nervous in new situations. I easily

lose confidence

507 (53.42%) 345 (36.35%) 97 (10.22%) 338 (33.77%) 466 (46.55%) 197 (19.68%)

I have many fears, I am easily scared 746 (78.61%) 185 (19.49%) 18 (1.90%) 598 (59.74%) 343 (34.27%) 60 (5.99%)

Peer Problems Indicators Not true Somewhat

true

Certainly true Not true Somewhat

true

Certainly true

I am usually on my own. I generally

play alone or keep to myself

552 (58.17%) 321 (33.83%) 76 (8.01%) 609 (60.84%) 334 (33.37%) 58 (5.79%)

I have one good friend or more

(negative loading)

16 (1.69%) 91 (9.59%) 842 (88.72%) 9 (0.90%) 61 (6.09%) 931 (93.01%)

Other people my age generally like me

(negative loading)

44 (4.64%) 432 (45.52%) 473 (49.84%) 40 (4.00%) 463 (46.25%) 498 (49.75%)

Other children or young people pick on

me or bully me

778 (81.98%) 138 (14.54%) 33 (3.48%) 852 (85.11%) 122 (12.19%) 27 (2.70%)

I get on better with adults than with

people my own age

540 (56.90%) 348 (36.67%) 61 (6.43%) 596 (59.54%) 342 (34.17%) 63 (6.29%)

Socioeconomic Stress Indicators No/Does not

apply

A little A lot No/Does not

apply

A little A lot

You or your partner are unemployed 861 (90.73%) 56 (5.90%) 32 (3.37%) 889 (88.81%) 79 (7.89%) 33 (3.30%)

Financial difficulties 642 (67.65%) 248 (26.13%) 59 (6.22%) 665 (66.43%) 273 (27.27%) 63 (6.29%)

Home inadequate for family’s needs 854 (89.99%) 75 (7.90%) 20 (2.11%) 891 (89.01%) 98 (9.79%) 12 (1.20%)

Problems with neighbours/ the

neighbourhood

891 (93.89%) 54 (5.69%) 4 (0.42%) 950 (94.91%) 43 (4.30%) 8 (0.80%)

https://doi.org/10.1371/journal.pone.0280062.t003
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responses were mostly similar across both sexes, although the item “I have one good friend or

more” was different between sex (χ2 = 10.970, df = 2, p = 0.004), with males more likely to

answer “Somewhat True” (post-hoc residual = 2.877, p = 0.024) and less likely to answer “Cer-

tainly True” (post-hoc residual = -3.290, p = 0.006) compared to females. Most parents

responded “No/Does not apply” to socioeconomic stress items and the distribution was similar

between sexes (all χ2� 4.459, df = 2, ps� 0.108).

Measurement invariance

Strict measurement invariance was achieved for parent-reported socioeconomic stress and

family support, as well as child-reported peer problems and emotional symptoms. This showed

that the same construct was being measured between sex and it allowed comparison of latent

mean values between sex. Full results for the measurement invariance analysis are presented in

S2 Appendix, and S1 and S2 Tables in S1 File. There was no significant difference in the latent

mean values between sex for socioeconomic stress (estimate = 0.040, SE = 0.075, p = 0.595) or

family support (estimate = -0.083, SE = 0.066, p = 0.205). The mean value for males was larger

for peer problems (estimate = 0.136, SE = 0.065, p = 0.036) and smaller for emotional symp-

toms compared to females (estimate = -0.926, SE = 0.075, p< 0.001). There were some items

with low standardised loadings (< 0.50) for both sexes in the measurement invariance model-

s–‘problems with neighbours/neighbourhood’ for socioeconomic stress and ‘I get a lot of head-

aches, stomach-aches or sickness’ for emotional symptoms. Fixing the loadings of these items

to zero in a separate models resulted in significantly worse model fit (socioeconomic stress:

Δχ2 = 28.561, Δdf = 1, p< 0.001; emotional symptoms: (Δχ2 = 216.89, Δdf = 1, p< 0.001),

therefore these items were retained in the model. Additional information on the potential

impact of the number of non-zero data points for the socioeconomic stress latent variable is

described in S2 Appendix in S1 File.

Structural equation modelling

First, model 1 was assessed independently and this was an adequate fit to the data (robust χ2 =

986.381, p-value < 0.001, robust RMSEA = 0.26 [0.023, 0.029], robust CFI = 0.924). For both

females and males, peer problems were a positive predictor of emotional symptoms (males β =

0.622, p< .001; females β = 0.495, p< .001), socioeconomic stress was a negative predictor of

family support (males β = -0.187, p< .001; females β = -0.342, p< .001). Furthermore, there

was evidence for sex-specific findings. For females, socioeconomic stress was a negative pre-

dictor of vmPFC GMV (β = -0.124, p = 0.008) and for males, socioeconomic stress was a nega-

tive predictor of emotional symptoms (β = -0.115, p = 0.046) and amygdala GMV (β = -0.098,

p = 0.033). Furthermore, there was significant covariance between amygdala and vmPFC

GMV (males β = 0.303, p< 0.001; females β = 0.333, p< 0.001). Other relationships of interest

were not statistically significant.

Next, model 1 was nested within model 2, which resulted in a poor fit to the data (see

Table 4). Model 2 was a comparatively better fit in terms of the chi-square difference test and

improvement in CFI value. The CFI value was just below the standard criteria of 0.95 and the

chi-square value was significant, indicating sub-optimal fit. However, the latter is common in

models with large sample sizes [55].

Table 4. Robust fit statistics for the nested models, including chi-square statistic, df, chi-square difference tests, CFI and RMSEA with 90% CI (N = 1950).

Model χ2 df p Δχ2 Δdf p CFI RMSEA [90% CI]

1 1925.773 656 < .001 - - - 0.777 0.045 [0.042, 0.047]

2 1015.382 626 < .001 557.12 30 < .001 0.932 0.025 [0.022, 0.028]

https://doi.org/10.1371/journal.pone.0280062.t004
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Statistics for the associations of interest for models 1 and 2 are depicted in Fig 3 for males,

and Fig 4 for females. For the full regression statistics, see S3 Table for model 1 and S4

Table for model 2 in S1 File. In model 2, the associations between peer problems and emo-

tional symptoms, and socioeconomic stress and family support, remained statistically signifi-

cant for both males and females. Socioeconomic stress was again found to be a negative

predictor of emotional symptoms in males only. However, the sex-specific associations

between socioeconomic stress and amygdala/vmPFC GMV were non-significant in this

model. Instead, after accounting for the strong association between WBV and regional GMV,

for males vmPFC GMV was a negative predictor of emotional symptoms (β = -0.138,

p = 0.022) and, for females, socioeconomic stress was found to negatively predict WBV (β =

-0.127, p = 0.007). In all models, peer problems were not a significant predictor of family sup-

port in neither males nor females, therefore a mediation analysis was not conducted.

Testing sex differences. In model 2, there was no significant difference in model fit when

coefficients were constrained to equality by sex for peer problems as a predictor of emotional

symptoms (χ2 = 2.284, df = 1, p = 0.131) and for socioeconomic stress as a predictor of family

support (χ2 = 2.675, df = 1, p = 0.102) which suggests no sex differences in the magnitude of

the relationships.

Sensitivity analysis. Parental education. To check the validity of the latent variable of

socioeconomic stress, we investigated whether it was predicted by a more objective marker of

socioeconomic status—parental education. The addition of parental education to the model

also allowed us to test whether the significant associations found related to socioeconomic

stress were explained by parental education.

Fig 3. Results for models 1 and 2 for the male sample. Note. ��� = p< .001, �� = p< .01, � = p< .05. Estimates are unstandardised path coefficients

(standardised in parentheses). Amygdala and vmPFC GMV values were divided by 1,000, and WBV was divided by 1,000,000, so that the values were closer

in magnitude to other variables in the model.

https://doi.org/10.1371/journal.pone.0280062.g003
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Parental education was added into model 2 as a predictor of: socioeconomic stress, emo-

tional symptoms, family support, peer problems, WBV, amygdala GMV and vmPFC GMV.

We hypothesised that parental education would be negatively associated with socioeconomic

stress. We also predicted that the associations of interest would remain statistically significant

as in model 2 with the addition of parental education.

Parental education was comprised of both mother’s and father’s highest education (8-point

scale, 1 = Professional qualification e.g., PhD, MD, Master’s, 8 = None) and the data were present

for most participants in the sample (n = 1938). Values were reverse-scored and summed for both

mother and father so that a higher score indicated higher combined educational achievement.

The model was a good fit to the data: robust χ2 = 1019.611, p-value< 0.001, robust CFI =

0.934, robust RMSEA = 0.024 [0.021, 0.027]. Regression results are found in S5 Table in S1 File.

As predicted, higher parental education was associated with lower socioeconomic stress

(male/female β = -0.250/-0.241, p< 0.001), which provides evidence for the validity of socio-

economic stress.

The other main findings are as follows:

• Peer problems positively predicted emotional symptoms for males (β = 0.623, p< 0.001)

and females (β = 0.494, p < 0.001). Parental education did not predict emotional symptoms

for either sex.

• Socioeconomic stress negatively predicted family support for males (β = -0.177, p = 0.001)

and females (β = -0.314, p< 0.001). Parental education positively predicted family support

for females only (β = 0.118, p = 0.010).

Fig 4. Results for models 1 and 2 for the female sample. Note. ��� = p< .001, �� = p< .01, � = p< .05. Estimates are unstandardised path coefficients

(standardised in parentheses). Amygdala and vmPFC GMV values were divided by 1,000, and WBV was divided by 1,000,000, so that the values were closer

in magnitude to other variables in the model.

https://doi.org/10.1371/journal.pone.0280062.g004
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• For females, socioeconomic stress negatively predicted whole brain volume (β = -0.105,

p = 0.027). Parental education positively predicted whole brain volume for both males (β =

0.148, p< 0.001) and females (β = 0.109, p = 0.002).

• For males, vmPFC GMV negatively predicted emotional symptoms (β = -0.139, p = 0.019).

Parental education did not predict vmPFC GMV.

• However, for males, socioeconomic stress no longer significantly predicted emotional symp-

toms (β = -0.105, p = 0.071).

The findings remained largely the same, which suggests that these effects are not due to the

confounding effects of parental education. The only significant difference in results is that

socioeconomic stress was no longer a statistically significant negative predictor of emotional

symptoms for males.

Psychiatric diagnosis. Psychiatric diagnosis was included as a covariate in the study, but sex

biases in the frequencies of psychiatric disorders may have influenced the findings. The distri-

bution of psychiatric diagnoses by sex are presented in S6 Table in S1 File. There were more

males with an ADHD/Autism diagnosis than females, and more females with a mood or anxi-

ety disorder compared to males. Information on main diagnosis was not available, so investi-

gating the effect of dummy-coded diagnoses in the same model resulted in model non-

convergence due to multi-collinearity of comorbid diagnoses. Instead, we ran two additional

models: one that excluded participants with any psychiatric diagnosis (see S7 Table in S1 File

for regression output) and one that only investigated mood or anxiety disorder diagnosis

instead of any psychiatric diagnosis (see S8 Table in S1 File), due to their high likelihood of

comorbidity and given the focus on emotional symptoms in the current study.

Both models showed good fit to the data. For the psychiatric diagnosis excluded model in

S7 Table in S1 File, there were zero responses for males for the “Not True” option for the “Gets

love and affection” item in the Family Life Questionnaire, therefore the responses to “Not

True” and “Somewhat True” were merged in this model. In both models, main associations of

interest found in previous models remained statistically significant. Additionally, family sup-

port was negatively associated with emotional symptoms in females only in both models.

Discussion

The current study aimed to explore a multidisciplinary perspective of the influence of social

factors and brain structure on emotional symptoms in early adolescence. The results indicated

that, for both males and females, peer problems were positively associated with emotional

symptoms, and socioeconomic stress was negatively associated with family support at age 14

years. Additionally, sex differences were observed: for males, vmPFC GMV was negatively

associated with emotional symptoms, and, for females, socioeconomic stress was negatively

associated with WBV. However, socioeconomic stress and family support were not associated

with regional brain structure or emotional symptoms. Family support was negatively associ-

ated with emotional symptoms in females only in the sensitivity analysis, where models either

did not include participants with a psychiatric diagnosis or only included participants with

mood or anxiety disorders. Peer problems were not a significant predictor of family support:

family support did not mediate the relationship between peer problems and emotional

symptoms.

Peer problems were a positive predictor of emotional symptoms. Subsequent analyses

found that the strength of this relationship was similar for both males and females (see Results

sub-section ‘Testing sex differences’), which underscores the importance of peer relationships

for mental health at this age for both sexes. The finding, in line with previous research, showed
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peer exclusion and victimisation have a deleterious impact on adolescent mental health [23,

24]. Furthermore, this finding is related to the notion that good peer relationships are impor-

tant in adolescence, and any threats to them affect mental health [3, 22]. Previous research sug-

gested that female mental health may be more affected by relational victimisation than male

mental health [12, 26, 27], although the current study found that peer problems have a similar

negative effect on both male and female adolescent mental health. This may be due to different

conceptualisations of relational victimisation and peer problems. Bullying and victimisation

was only one component of the latent variable of ‘peer problems’ in the current study; addi-

tional components included preference for being alone, having one good friend or more, etc.

Therefore, peer problems were more broadly defined, and reflected issues with exclusion or

disconnection along with victimisation. However, measurement invariance tests confirmed

conceptual equivalence of peer problems between sexes, so this supports the idea that peer

problems at its core affects mental health similarly for males and females at this age.

In addition, socioeconomic stress was a negative predictor of family support, even when

parental education was factored into the model. This supports the Family Stress Model, which

posits that socioeconomic difficulties result in decreased parental availability and support for

their children [4, 33–36]. Initially in the WBV-included model, socioeconomic stress was a

negative predictor of emotional symptoms in males, however this finding was non-significant

when parental education was added into the model as part of the sensitivity analysis. There-

fore, the relationship could be partly explained by parental education, which reflects parental

status or resources. Interestingly, parental education was significantly positively associated

with family support for females only. This suggests that parental education may be associated

with support specific to gender-differentiated parenting practices. A meta-analysis found that

parents used more autonomy-supportive strategies–which includes affirmation as used in the

current study–towards girls rather than boys when looking at studies from the 1990s onwards.

Before the 1990s, the effect was found in boys instead, which reflects cultural changes in par-

enting practices, and shows how notions of support are dependent on cultural norms [66].

Socioeconomic stress and parental education were not directly associated with emotional

symptoms for males and females. This was unexpected given the wealth of research linking

low socioeconomic status with poor adolescent mental health for both males and females [31,

32]. Because the current study uses cross-sectional data, we are unable to determine the tempo-

rality of socioeconomic factors and family support, and possible sex differences. Future longi-

tudinal analyses will be able to untangle these relationships and whether there is an effect on

adolescent emotional symptoms.

Smaller vmPFC GMV, after correcting for WBV, was associated with greater emotional

symptoms for males only at this age. Previous cross-sectional analyses found that onset of ado-

lescent depression was associated with reduced volume of frontal regions, including the orbito-

frontal cortex, which was used as the definition of the vmPFC in the current study [67]. For

males, the amygdala and vmPFC has a delayed maturational path compared to females [8, 9].

A smaller vmPFC volume may reflect maturational delays compared to other males, which

reflects an attenuated ability for frontal regions to downregulate subcortical regions, leading to

increased emotional distress. However, due to the cross-sectional nature of our study, the mat-

urational pattern of regions cannot be established, and those conclusions are tentative. This

finding reveals the impact of absolute regional differences for male adolescents, but that does

not tell us whether the region has matured or is still maturing for a particular person.

Another sex-specific finding was that socioeconomic stress was negatively associated with

WBV in females only. Previous research has indicated that objective measures of socioeco-

nomic status, such as family income, occupation, and education, are associated with WBV and

total brain surface area [68–70]. The current study also found that parental education
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predicted WBV in both males and females, but this study goes further to show that stress from

socioeconomic conditions affect whole brain volume, which is in line with studies reporting

the deleterious effect of stress on the developing brain [71], and that has a stronger effect on

females, which may be due to their increased sensitivity to stress compared to males [35]. Fur-

ther research should clarify whether socioeconomic stress has a distributed effect on the female

brain, or whether specific regions are impacted, and whether this affects other cognitive or

emotional symptoms.

Family support did not directly influence emotional symptoms in models that controlled

for any psychiatric diagnosis, nor did it mediate the effect of peer problems on emotional

symptoms in any model. In the sensitivity analysis, models that either did not include partici-

pants with a psychiatric diagnosis or only included participants with mood or anxiety disor-

ders found that family support was negatively associated with emotional symptoms in females

only. This suggests that the link between family support and emotional symptoms in females

was previously obscured by the inclusion of participants who had psychiatric diagnoses other

than mood or anxiety disorders. These findings contradict previous research that found that,

similarly for both sexes, family support independently predicts mental health outcomes [23]

and buffers against the effect of peer problems on mental health [28, 29]. Females may be more

sensitive to general family support, or it may be that the type of support needs to be targeted to

the problem for it to have an effect. Successful social support has been found to depend on the

source, type, and timing of the support [72], suggesting that general measures of family sup-

port may not be sensitive to determine a buffering effect for both sexes. In addition, previous

studies measured adolescent perceptions of family support rather than parent perceptions as

was the case in the current study. Parent reports may be biased because they may only report

positive characteristics due to social desirability. This is congruent with the data, as many of

the family support items were positively affirmed by the majority of parents.

We found no association between amygdala and vmPFC GMV, and family support, peer

problems, or socioeconomic stress in the best-fitting model. The amygdala and vmPFC were

chosen as regions of interest due to their involvement in emotional regulation [44] and their

distinct maturational profiles across adolescence [1]. The measures used or the design

employed in the current study may not be able to uncover the effect of the social environment

on the developing brain. The current data only provides a snapshot of the peer and family

dynamics within an adolescent’s life; investigating changes over time may be more fitting to

the protracted process of brain development. In addition, the current study highlights the

importance of WBV correction when investigating regional brain differences. Socioeconomic

stress was associated with amygdala GMV in males and vmPFC GMV in females when uncor-

rected for WBV, however this association was attenuated and not statistically significant when

WBV was included as a covariate and a predictor in separate models.

Strengths and limitations

One of the strengths of the current study is the use of a model with a multidisciplinary perspec-

tive that was tested in a large dataset. That allowed the investigation of three frames of refer-

ence: socioeconomic conditions, social relationships, and brain structure, providing an

integrated view of adolescent mental health [5]. The large sample size ensured that the study

had the statistical power to detect robust effects that are less likely to be spurious [73]. Another

strength is the use of analytic techniques such as measurement invariance and SEM. Establish-

ing measurement invariance allowed us to formally specify that the same latent variables were

measured between sex and that differences are not simply due to measurement error [74].

SEM which allows simultaneously modelling of complex relationships between variables [75].
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Considering factors in isolation may lead to a significant result, but this may be influenced by

interactions with other factors when included in the model. Therefore, simultaneous model-

ling allowed us to determine the relative strength of effects in the presence of other variables,

strengthening the validity of the results.

Limitations of the study include the lack of child-reported measures for family support. Per-

ceptions of support are strongly associated with mental health outcomes, even if there is a

weak association with objective indicators of support [76]. Therefore, parents may report sup-

portive behaviours, but it may not be perceived as supportive or helpful to the adolescent.

Indeed, other measures of parent and child reports of family support have found discrepancies.

Correlations between parent and child reports of parent support are weak [77], with parents

reporting themselves to be more supportive compared to child reports [78]. Importantly, ado-

lescents who reported poorer parent practices compared to parents were at higher risk of inter-

nalising symptoms [78]; this discrepancy therefore reveals information about the adult-child

relationship that has implications for mental health. Unfortunately, the Family Life Question-

naire in the current study is parent-reported only, and other measures of child-reported family

support were not available in the IMAGEN dataset, so this could not be explored in the current

study. Future studies should aim to assess discrepancies between parent and child reports of

family support in different datasets.

IMAGEN is a multi-centre study designed to maximise sample size. Different scanners are

used at different sites for the neuroimaging assessment. To minimise variability between sites,

a central protocol was used between sites and quality control and pre-processing procedures

were implemented, explained in depth elsewhere [38]. Recruitment centre was included as a

covariate in the analysis to further account for potential homogeneity. However, it is acknowl-

edged that variability between sites could have affected the results in the current analysis.

The use of cross-sectional data is also limiting because we were unable to investigate devel-

opmental trajectories over time. There are significant individual differences in brain develop-

ment in terms of the intercept and slope of change over time [2]. Environmental variables

have been shown to affect the maturation of the brain across adolescence, such as parental sup-

port [6] and socioeconomic factors [7, 37]. Therefore, future research should look at brain

development longitudinally, to detect individual differences in the developmental trajectory of

the brain, the impact of environmental variables, and how this relates to emotional

functioning.

Sex differences were investigated in the current study, however we were unable to investi-

gate the role of gender non-conformity due to this information not being available. Gender

non-conformity could have influenced the study findings, due to effects on depressive symp-

toms and bullying victimisation [79]. Future studies could look at both sex and gender differ-

ences in the role of social and neurobiological factors in emotional symptoms.

Implications

Peer problems influenced emotional symptoms in early adolescence, highlighting the need to

promote social integration for good mental health. Schools can play a critical role in this, using

programs to promote supportive peer relationships and to focus on social skill development

[80].

Additionally, socioeconomic stress was found to have a downstream effect on both family

support for both sexes and WBV for females. This reveals the complex, often subtle relation-

ships between variables and suggests that socioeconomic stress may be a target for interven-

tion. Objective indicators of socioeconomic status such as parental occupation, income or

education are difficult and timely to modify, however interventions to help with managing
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stress in relation to socioeconomic circumstances may be an achievable step in improving the

family environment and resulting biological impact. For example, the Family Adjustment and

Adaptation Response Model [81] posits that family stress can be managed by using resources

from multiple levels–individuals, family and community–to meet demands that are leading to

stress. In this way, a multiple level approach can be used to deal with a multiple level problem.

Cognitive-based interventions have demonstrable effectiveness in managing adolescent stress

[82], therefore even in families with high socioeconomic stress and low support, there are per-

son-centred avenues that can help protect adolescent mental health.

Significance statement

Using structural equation modelling in a large dataset (IMAGEN), we investigated the

nuanced associations between socioeconomic conditions, social relationships, and regional

brain structure in predicting adolescent emotional symptoms, separately for each sex. Using

this approach, we found significant associations that were common to both sexes, and associa-

tions that were sex specific. Future research should aim to verify the associations using longitu-

dinal data, to assess the directionality of relationships of how both social and biological factors

affect mental health in adolescence.

Conclusions

At age 14 years, problems with peers were significantly associated with emotional symptoms

for both males and females. Family socioeconomic stress was related to family support and

female brain volume. Future longitudinal study should assess how socioeconomic conditions,

social relationships, and brain structure interact prospectively to affect mental health.
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de la Santé et de la Recherche Médicale, INSERM U1299 “Developmental trajectories & psy-
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