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Abstract  

Chronic peer victimization has long-term impacts on mental health; however, the 

biological mediators of this adverse relationship are unknown. We sought to determine 

whether adolescent brain development is involved in mediating the effect of peer 

victimization on psychopathology. We included participants (n=682) from the longitudinal 

IMAGEN study with both peer victimization and neuroimaging data. Latent profile 

analysis identified groups of adolescents with different experiential patterns of 

victimization. We then associated the victimization trajectories and brain volume 

changes with depression, generalized anxiety, and hyperactivity symptoms at age 19. 

Repeated measures ANOVA revealed time-by-victimization interactions on left putamen 

volume (F=4.38, p=0.037). Changes in left putamen volume were negatively associated 

with generalized anxiety (t=-2.32, p=0.020). Notably, peer victimization was indirectly 

associated with generalized anxiety via decreases in putamen volume (95%CI=0.004 to 

0.109). This was also true for the left caudate (95%CI=0.002 to 0.099). These data 

suggest that the experience of chronic peer victimization during adolescence might 

induce psychopathology-relevant deviations from normative brain development. Early 

peer victimization interventions could prevent such pathological changes. 
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Introduction 

 

Adolescence is a period of significant change, both personally and biologically. Whilst 

the individual is encountering a host of new life experiences and stressors, the 

adolescent brain is undergoing extensive development as evidenced by decreases in 

gray matter volume and increases in white matter volume 1, 2. Peer relationships are a 

significant source of stress: up to 30% 3, 4 of adolescents are bullied by their peers. 

Whilst the frequency of peer victimization decreases across adolescence 5, 6, for some 

individuals the victimization is chronic and persisting 7, 8.  

 

Peer victimization, especially if it is chronic and persisting, can have dramatic and long-

term effects on physical and mental health 9, 10. Numerous studies have shown that peer 

victimization in childhood and adolescence is associated with higher rates of 

psychopathology in adulthood 11-14. Two recent studies took the association further and 

identified a causal contribution of peer victimization to a range of internalizing and 

externalizing symptoms 15, 16. Although these studies have suggested causal effects, the 

biological mediators of such effects have largely not been identified.  

 

Neuroimaging is a useful tool for elucidating possible mediators. Of note, there is a 

dearth of published neuroimaging studies of peer victimization. There is good reason to 

pursue this line of research, as primarily retrospective adult studies have associated 

differences in brain structure with reports of earlier life stress and childhood 

maltreatment. Generally, children who have experienced early life stress, such as 

maltreatment, have smaller brain volumes in adulthood compared to control groups in 

areas important for emotion regulation, impulsivity, and reward processing 17-21, 

psychological traits implicated in common psychiatric disorders 22-24. Such areas include 
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the anterior cingulate, caudate, putamen, hippocampus, parahippocampal gyrus, 

amygdala, orbitofrontal cortex, and insula.  

 

These studies have focused on childhood exposure to stress; however, the negative 

impact of stress on the brain is likely compounded when it occurs during a period of 

neurobiological maturation such as adolescence 2, 25, 26. Furthermore, as stated, the 

existing data are largely based on retrospective or cross-sectional research; while we 

know that childhood stress leads to altered neural signatures in adulthood we do not 

know how these differences arose. Therefore, prospective longitudinal studies are 

needed to identify relationships between victimization, brain development, and 

vulnerability for psychopathologies.  

 

The longitudinal, multidisciplinary, adolescent IMAGEN cohort enabled us to explore how 

chronic peer victimization across adolescence impacts structural adolescent brain 

development and whether such effects underlie the known relationship between peer 

victimization and mental health. To do this we used the peer victimization data to 

generate trajectories from ages 14 to 19. We then related these trajectories to brain 

regions previously shown to be sensitive to stress and maltreatment and hypothesized 

chronically victimized adolescents would show larger decreases in volume over time. We 

also incorporated measures of stressful life events and childhood maltreatment in our 

analyses to elucidate whether observed effects were specific to peer victimization or 

related to stress in general.  
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Materials and Methods 

 

Participants 

Participants were part of the IMAGEN project, a community-based longitudinal study of 

adolescent brain development and mental health. Participants were assessed at eight 

study sites in England, Ireland, France, and Germany. Individuals were included in the 

analyses if they had peer victimization data at ages 14, 16, and 19 as well as structural 

MRI data at ages 14 and 19 (neuroimaging assessments were not carried out at age 16). 

The comparison of observed characteristics between those included and excluded from 

the analyses can be found in the online Supplement (Supplementary Table 1). 

Questionnaires were self-administered on home computers using the Psytools software 

package (Delosis, London). The local research ethics committees approved this study 

and written consent was obtained from participants (and from their legal guardian at 

ages 14 and 16). A detailed description of recruitment and assessment procedures, as 

well as general inclusion and exclusion criteria, has been published previously 27. 

 

Peer victimization 

The peer victimization questions were adapted from a questionnaire used in a large 

international study entitled Health Behaviour in School-Aged Children (HSBC). These 

questions were initially utilized in the revised Olweus Bully/Victim Questionnaire 28. Of 

the six questions inquiring about victimization during the previous 6 months, two asked 

about bullying from family members. We engaged in exploratory analysis to examine 

reliability and external validity of the remaining items to derive a meaningful scale of peer 

victimization experiences. The selected three items were specifically descriptive about 

the victimization actions of their peers (for details please see the Supplementary 

Information). Because these items do not explicitly mention bullying or capture the 

imbalance of power associated with bullying, we refer to them as a measure of "peer 
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victimization". These items were summed to create peer victimization scores at ages 14, 

16, and 19. 

 

Psychopathology symptoms 

Internalizing and externalizing psychopathology symptoms were evaluated as an 

outcome at age 19. Preliminary DSM–IV psychiatric diagnoses (depression and 

generalized anxiety) were obtained via the computer-administered Developmental and 

Well-Being Assessment (DAWBA; 29). Based on participants' answers to the DAWBA 

questions, the well-defined computer algorithm (see www.dawba.com) assigns an 

individual to one of six ordered-categorical diagnostic "probability bands" (i.e., from less 

than 0.1% likely to more than 70% likely). These "bands" have been validated in two 

European youth cohorts and perform similarly to clinician-generated diagnoses regarding 

associations with risk factors 30. We also used continuous severity scores of internalizing 

(emotional symptoms) and externalizing (hyperactivity) symptoms on the Strengths and 

Difficulties Questionnaire (SDQ; www.sdqinfo.com; 31).  

 

Childhood maltreatment and stressful life events 

The childhood trauma questionnaire (CTQ 32) was used to assess childhood 

maltreatment across childhood and adolescence. It consists of five domains: emotional 

abuse, emotional neglect, physical abuse, physical neglect, and sexual abuse. The 

scores for each of the five domains were summed for a total CTQ score; the higher the 

score the greater the severity of maltreatment. 

 

The self-report Life Events Questionnaire (LEQ 33) was used to record the occurrence of 

stressful life events across adolescence. Twenty events were classed as stressful based 

on the valence reports of IMAGEN participants as reported previously 34 who 

experienced the event and rated it as distressing ('unhappy' or 'very unhappy'). A 
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stressful life event (SLE) frequency score was calculated based on the number of 

negative events the participants experienced. For age 14, the number of stressful life 

events experienced during the previous 12 months was used to generate the SLE score. 

For ages 16 and 19, the number of stressful life events experienced since their previous 

assessment was used to generate the SLE score.  

 

MRI acquisition and processing 

 

MRI data 

High-resolution T1-weighted structural MRI data were acquired on 3T MRI scanners 

(Philips, GE, Siemens). Scanning protocol parameters were harmonized across all sites' 

manufacturers.  

 

Voxel-based morphometry (VBM) 

All age 14 and age 19 MPRAGE data were preprocessed in SPM8 

(http://www.fil.ion.ucl.ac.uk/spm/) using the VBM8 toolbox with default settings, including 

the usage of high-dimensional spatial normalization with an already integrated Dartel 

template in MNI space. All images were subjected to nonlinear modulations and 

corrected for each individual head size. Images were then smoothed with an 8 mm full-

width at half-maximum Gaussian kernel with the resulting voxel size 1.5mm3. The 

automated anatomical labeling (AAL) atlas was employed to exclude the voxels outside 

the grey matter. For each brain area defined by the AAL atlas, the volume of the area 

was estimated by summing the grey matter volume over all voxels within that area. Total 

intracranial volume, used as a covariate of no interest, was estimated by the summation 

of the grey matter, white matter, and CSF volumes in native space.  
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Eighteen AAL regions of interest (ROIs; 9 bilateral) were entered into the analyses 

considering their relationships with stress and maltreatment 21, 35-38. These regions were 

the inferior orbitofrontal cortex, anterior cingulate cortex, insula, hippocampus, 

parahippocampal gyrus, amygdala, caudate, putamen, and thalamus. Although 

individual variability in regional brain volumes is expected, individuals with volumes >3 

times the interquartile range away from the 25th and 75th percentiles 39, 40 were 

considered outliers and their volumes were winsorized. Thirty-six individuals had their 

ROI volumes winsorized. Of those, 35 were from the non-chronic peer victimization 

group. The change in brain ROI volumes was calculated as the volume at age 19 minus 

the volume at age 14. 

 

 

Statistical analysis 

All statistical analyses were two-tailed with a significance threshold of p<0.05. All 

statistical tests, except latent profile analysis and indirect effect analysis, used SPSS 

software version 24. 

 

Peer victimization trajectories 

We estimated peer victimization trajectories using longitudinal latent profile analysis 

(LPA) in MPlus version7 (Muthen & Muthen, Los Angeles, CA). LPA enables 

identification of classes of adolescents who may follow different experiential patterns of 

peer victimization (e.g., high versus low levels at different ages). With LPA one can test 

how well the class model fits the data as well as confidence that the individuals are likely 

to be following the identified developmental profile. Peer victimization sum scores from 

ages 14, 16, and 19 were entered into LPA and we fit a series of trajectory models, 

progressing from a one-class model to a four-class model (trajectory criteria can be 

found in the Supplementary Information).  
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Nonparametric partial correlations 

As we were interested in whether peer victimization was related to changes in brain 

structure, we first ran nonparametric partial correlations (rho, ρ) between peer 

victimization class and the change in ROI volumes from age 14 to 19. Site, sex, 

socioeconomic status (SES; indexed used the family stresses subsection of the 

DAWBA), age 14 pubertal status 41, and change in intracranial volume were included as 

covariates. Regions associated with peer victimization were included in subsequent 

multivariate analyses. At this stage we applied false discovery rate correction 42 to the 

two-tailed p-values. 

 

Repeated measures ANOVA 

We carried out repeated measures ANOVAs (partial eta-squared, ηp²; Sum of squares, 

SS; F-statistic, F) to identify a longitudinal relationship between chronic peer 

victimization and adolescent brain development. Peer victimization latent profile grouping 

was the between-subjects variable and the age 14 and age 19 T1-derived AAL volumes 

were the within-subjects variables. We controlled for site, sex, SES, age 14 pubertal 

status, and change in intracranial volume. Additional analyses also included sex as a 

between-subjects variable to determine whether it might influence the victimization-brain 

relationship. 

 

Mann-Whitney U test 

Because the psychopathology symptoms between the groups did not meet homogeneity 

of variance assumptions, a two-tailed Mann-Whitney U test (U-statistic, U; correlation, r) 

was used to identify relationships between peer victimization and psychopathology 

symptoms. At this stage we applied false discovery rate correction 42 to the two-tailed p-

values. 
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Linear regression analyses 

We ran multivariable linear regression analyses (t-statistic, t) to identify the relationship 

between changes in regional brain volumes and psychopathology symptoms. Sex, study 

site, SES, pubertal status, and change in intracranial volume across adolescence were 

added as covariates in these analyses. 

 

Indirect effect analysis 

To determine whether the changes in regional brain volume mediate the relationship 

between peer victimization and psychopathology symptoms, indirect effect analyses 

were carried out in MPlus (version 7) using maximum likelihood estimation. The indirect 

effects were defined by the product term of the two pathways of interest (i.e., peer 

victimization to change in brain volume x change in brain volume to psychopathology 

symptoms). Because standard errors underlying indirect effects are often skewed, we 

bootstrapped all indirect effects 10000 times with bias-corrected 95% confidence 

intervals. These models controlled for sex, study site, SES, pubertal status, and change 

in intracranial volume. 
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Results 

 

Participants 

Of the 682 participants 46% were male. Their age at each study time point was as 

follows: Baseline: 14.4±0.4 (mean±SD); Follow-up 1: 16.5±0.6; Follow-up 2: 19.0±0.7. 

 

Latent profile analysis of peer victimization 

Latent profile analysis was used to identify classes (i.e., subgroups) of individuals with a 

chronically high level of peer victimization across adolescence using the peer 

victimization sum scores from ages 14, 16, and 19. Peer victimization scores for each 

time point were as follows (mean±SD; range): age 14 (4.0±1.6; 3-13); age 16 (3.5±1.2; 

3-13); age 19 (3.3±1.0; 3-15). 

 

Latent profile analysis of peer victimization identified a chronically victimized group of 36 

individuals (entropy = 0.99; see Figure 1; 38% male), representing 5% of the overall 

sample. Latent profile analysis also identified a much larger low peer victimization group 

(n=646; 46% male). There was no significant difference in sex between the chronic and 

low peer victimization groups (χ2= 0.751, df=1, p=0.386). Considering the substantial 

group size difference we tested for homogeneity of variance in our variables of interest 

(i.e., changes in brain volumes and psychopathology symptoms). All variables met the 

assumption of homogeneity of variance (i.e., p-value greater than 0.05) except the 

depression probability rating from the DAWBA (Levene's statistic=11.48, p=0.001). 

 

Peer victimization and psychopathology symptoms 

To validate the peer victimization trajectories with regard to psychopathology we used 

the Mann-Whitney U test to compare psychopathology symptoms between the peer 

victimization groups. Individuals in the chronically peer victimized group had higher 
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symptoms scores on the SDQ (emotional symptoms: U=7829.0, r=-0.13, p=0.001; 

hyperactivity: U=8223.0, r=-0.11, p=0.003) and greater symptom diagnostic probabilities 

on the DAWBA (depression: U=6557.0, r=-0.13, p = 0.001 and generalized anxiety: 

U=9101.5, r=-0.10, p=0.006).  

 

Peer victimization and adolescent brain development (nonparametric partial correlation) 

As described above, eighteen bilateral frontal, limbic, and basal ganglia ROIs were 

entered into the analyses considering they have previously been identified as having a 

relationship with stress and maltreatment 21, 35-37. Only two ROIs were associated with 

peer victimization and survived false discovery rate correction and were included in 

subsequent analyses: changes in left caudate (ρ=-0.086, p=0.032) and putamen (ρ=-

0.101, p=0.012) volume were negatively associated with peer victimization. 

 

Peer victimization and adolescent brain development (repeated measures ANOVA) 

We then carried out a 2-by-2 repeated measures ANOVA analyses to further probe the 

longitudinal relationship between peer victimization and adolescent brain development. 

Region-of-interest volumes at ages 14 and 19 were the within-subject variable and peer 

victimization class was the between-subjects variable. The repeated measures ANOVAs 

identified a significant brain volume-by-peer victimization interaction for the left putamen 

(ηp²=0.006, SS=30850.41, F=4.38, p=0.037; Table 1).  

 

On average, the volume of the putamen decreased across adolescence in all individuals 

(left putamen: -83.62±86.79). As shown in Figure 2, the brain volume-by-peer 

victimization interaction suggests that individuals who have been chronically victimized 

have steeper decreases in putamen volume than their less victimized counterparts.  
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Post-hoc analyses  

Comparison of the age 14 and age 19 volumes between groups suggests that putamen 

volume is significantly larger in the chronically victimized group at age 14 (t=-2.966, 

p=0.003, d=0.49) but not at age 19 (t=-1.834, p=0.067, d=0.30). We also found that 

greater peer victimization at age 14 was related to larger putamen volumes at age 14 

(r=0.076, p=0.049) and that peer victimization score at age 14 did significantly relate to 

change in putamen volume (r=-0.087, p=0.024) such that individuals with higher 

victimization scores had greater decreases in putamen volume over time.  

 

Sensitivity analyses 

Considering the observed brain volume-by-peer victimization interaction might differ 

according to sex, repeated measures ANOVA were rerun including sex as a between-

subjects variable. However, there was no influence by sex as the 3-way interaction was 

not significant (see Supplementary Table 2).  

 

To verify that the brain volume-by-peer victimization interaction was uniquely significant 

when also examining other types of early life stress, we reran the model controlling for 

childhood trauma and SLE.  After controlling for childhood trauma and stressful life 

events, the interaction remained significant (see Supplementary Table 3), suggesting 

that the effect is unique to peer victimization and not stressful life events in general.  

	
Adolescent brain development and psychopathology symptoms 

Considering the observed relationships of peer victimization with putamen volume 

changes and psychopathology symptoms, we used multiple regression analyses to 

determine whether there might also be a relationship between changes in putamen 

volumes and psychopathology symptoms. Regression analyses identified a negative 

relationship between the change in putamen volume and generalized anxiety (t=-2.32, 
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p=0.020). This relationship remained significant after controlling for childhood trauma 

and SLE (t=-2.31, p=0.021) in the model. Neither depression nor hyperactivity was 

significant. 

	
	
Indirect effects analysis 

Because peer victimization was associated with changes in regional brain volumes that 

were, in turn, associated with psychopathology symptoms, we ran an indirect effect 

model to test whether changes in brain volumes might be a biological means by which 

peer victimization influences psychopathology symptoms at age 19. The indirect effect 

model (Figure 3A; c' path) showed that peer victimization was indirectly associated with 

generalized anxiety via decreases in the volume of the putamen, as the 95% confidence 

intervals excluded 0 (β=0.439, bias-corrected bootstrapping 95%CI= 0.004 to 0.109; 

Table 2).  

 

Because the caudate is functionally related to the putamen, and the volumetric change 

of the left caudate was also associated with generalized anxiety, we ran an exploratory 

indirect effect model with the left caudate. We found that peer victimization was also 

indirectly associated with generalized anxiety via decreases in caudate volume (β=0.036, 

95%CI=0.002 to 0.099; Figure 3B; Table 2). 	

	
	
Since the volumetric changes in these two regions are correlated (left caudate-left 

putamen partial correlation: r=0.541, p=3x10-52), we put both victimization-brain-

symptom models into one indirect effects analysis. By doing this and, therefore, 

accounting for the associations between the two brain regions, we found that peer 

victimization was still associated with generalized anxiety via decreases in left putamen 

volume (β=0.039, bias-corrected bootstrapping 95%CI= 0.004 to 0.103) as well as left 

caudate volume (β=0.039, bias-corrected bootstrapping 95%CI= 0.004 to 0.108).  
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Sensitivity analyses 

We conducted sensitivity analyses for the 'all-in-one' models and found peer 

victimization was still associated with generalized anxiety via decreases in both the left 

putamen and caudate when controlling for both stressful life events and childhood 

maltreatment, as well as comorbid depressive symptoms at ages 14 and 19. The result 

statistics are included in the online Supplement (Results and Table 5). 

 

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	



	 18 

Discussion 

This study examined how chronic peer victimization affects adolescent brain 

development and whether such developmental changes are associated with the 

relationship between victimization and mental health. Our findings validated literature 

linking peer victimization with mental health problems. However, there are two novel 

ways in which our findings extend the current literature: first, chronic adolescent peer 

victimization impacts structural brain development and, second, changes in brain 

structure are related to psychopathology symptoms in late adolescence/early adulthood. 

Furthermore, we found that peer victimization positively associates with anxiety 

symptoms indirectly via these brain changes. Specifically, we found that chronic peer 

victimization was associated with steeper decreases in left putamen volume. Importantly, 

these findings were unique to peer victimization and not other types of stress or 

comorbid depression. Together, these results are, to our knowledge, the first to identify a 

possible mechanism by which adolescent peer victimization impacts the development of 

anxiety in young adults. 

	
The striatum, comprised in part by the putamen, matures from late adolescence into 

adulthood 43-45, evidenced by volumetric decreases 46, but there are inconsistencies as to 

how stress affects maturation trajectories during childhood and adolescence versus 

adulthood. Cross-sectional neuroimaging studies of early life stress such as childhood 

maltreatment find both smaller and larger gray matter volumes during early adolescence 

35, 47, 48. However, cross-sectional studies carried out in adults who have experienced 

early life stress and maltreatment find they have smaller gray matter volumes compared 

to controls 17, 21, 37, 38.  

 

The current results revealed that the putamen, and to a lesser degree the caudate, were 

larger in the chronically peer-victimized group at age 14 but became more similar in 

volume to the non-victimized group by age 19. This raised the question of whether the 
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degree of initial peer victimization (age 14) was also related to brain volumes and indeed 

it was correlated with age 14 putamen volume as well as the change in putamen volume 

across adolescence. The difference in volumes at age 14 might be due to the chronically 

victimized individuals having been exposed to victimization long before their participation 

in the IMAGEN study, as peer victimization can begin as early as preschool and 

kindergarten 49, 50. Recent studies have explored peer victimization trajectories in 

childhood and adolescence, identifying three to five victimization classes 51-54, one of 

which is a chronic/severe group. There is no consensus as to the number and 

composition of peer victimization trajectories identified in these studies, and the age 

ranges examined differ not only between the studies but also with our sample. Altogether 

the findings from these studies suggest that ours does not fully capture the lifetime 

extent of peer victimization in the chronic group and this could indeed help explain the 

brain volume differences we see at age 14.  

 

Our results support the finding that putamen volume decreases across adolescence 45, 

the likely result of increased synaptic pruning, decreased glial cell number, or increases 

in myelination/axon calibre 2 – neurobiological processes believed to underlie the 

neuroimaging-derived changes observed across adolescence. Considering the decrease 

in putamen volume was more pronounced in the chronically victimized group, it suggests 

an exaggeration of the aforementioned neurobiological processes in the chronically 

victimized group. We speculate that the temporal snapshot presented herein does not 

capture the full neurobiological extent of peer victimization-related changes. If the current 

study had a subsequent third neuroimaging time point, perhaps it might reveal that 

indeed putamen and caudate volumes are significantly smaller in the chronically 

victimized group further into adulthood.  
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We found that changes in putamen and caudate volumes were related to 

psychopathology outcomes at age 19, specifically, generalized anxiety, even when 

controlling for other types of stress and comorbid depressive symptoms. Although not 

classically considered relevant to anxiety, the importance of structural changes in the 

putamen and caudate to the development of anxiety most likely lies in their contribution 

to related behaviours such as reward sensitivity, motivation, conditioning, attention, and 

emotional processing 55. Along with the nucleus accumbens, the putamen and caudate 

comprise the "striatum".  Whilst they appear structurally separate (i.e., divided by the 

white matter of the internal capsule) there is functional integration between the two 

regions; interneurons in the striatum have been shown to cross functional pathway 

boundaries in animal models supporting the notion that these nearby areas have 

overlapping functions 56. It is well established that with the incoming projections from the 

frontal cortex, the striatum is essential for voluntary motor control and, therefore, 

behaviour. But considering the striatum is essential for reward processing (i.e., learning) 

and also receives projections from the amygdala, which itself plays a key role in the 

emotional processing of incoming information, the striatum is involved in processes that 

drive complex behaviours disrupted in anxiety. In support of this, functional MRI studies 

have found that caudate and putamen activation 57, 58 and connectivity 59-61 differ in 

individuals with anxiety disorders. 

 

The most salient finding was that peer victimization’s effect on psychopathology was 

due, in part, to decreases in caudate and putamen volume. Many correlational studies of 

stress-brain-mental health relationships exist but few studies have identified whether 

stress affects mental health via the brain. One such study found that reduced gray 

matter volume in the orbitofrontal cortex mediated the relationship between maltreatment 

and peer problems in childhood 62 whilst another found reduced parahippocampal gyrus 

thickness mediated the relationship between childhood maltreatment and adolescent 
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antisocial behaviour 63. Our findings add to the nascent literature linking smaller brain 

structures with stress and mental health but are the first to do so related to peer 

victimization. 

 

We did not find time-by-peer victimization effects on other plausible brain regions such 

as the amygdala and hippocampus. One reason might be that stress-sensitivity periods 

differ across these brain regions 64 and theirs preceded the window of victimization 

captured in this study. And while we acknowledge that the chronically victimized 

individuals were likely victimized by peers prior to their entry in the study, we did not 

have the data to investigate this. An additional reason we do not see the same effects is 

that the impact of peer victimization in these other areas did not manifest as structural 

changes but perhaps as molecular changes or functional connectivity changes in the 

relevant circuits 64. 

 

Limitations of the present study include the fact that we could not account for the 

experience of peer victimization or other early life stressors before age 14. Perhaps 

these individuals had been victimized since childhood and some structural brain changes 

precede the window of time captured in our study. Some studies have shown sex 

differences in normal brain development trajectories 46, 65, 66 but we did not find a three-

way interaction between victimization group, brain volume changes, and sex; we were 

likely underpowered to detect such an effect. The imbalance in the number of individuals 

in each of the two victimization groups limited us in terms of statistics that could be 

carried out but the imbalance is not surprising since victimization prevalence typically 

decreases from childhood to adulthood. By examining regions previously implicated in 

maltreatment and/or victimization, rather than taking an unbiased approach, we might 

have overlooked changes in other brain regions linked to chronic peer victimization. 

While methodological approaches like a whole-brain analysis could have uncovered 
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such brain areas we did not undertake them for reasons of statistical power due to the 

imbalanced group sizes. 

 

Our data are the first to show that chronic peer victimization during adolescence impacts 

mental health via structural brain changes. Because frequently peer-victimized 

adolescents are 2-3 times more likely to develop an anxiety disorder 12, early 

interventions to limit peer victimization could mitigate the adolescent neurobiological 

changes underlying the development of psychopathology. 
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Figure Legends  
 
 
 
	
Figure 1. Peer victimization scores across adolescence in the two victimization classes 
(bars represent standard error). 
 
Figure 2. Repeated measures ANOVA interaction plot (F=3.95, p=0.047) of peer 
victimization class (between-subjects variable) and left putamen volume at ages 14 and 
19 (within-subjects variable). Error bars represent 95% CI. 
 
Figure 3. Diagram of path model of indirect effects. The 'c' path indicates the direct 
effect of peer victimization on generalized anxiety. The 'a' path indicates the relationship 
between peer victimization and the mediating variable, change in brain volume, whereas 
the 'b' path indicates that the change in brain volume is correlated with the outcome, 
generalized anxiety. The 'c'' path indicates that peer victimization is indirectly associated 
with generalized anxiety via changes in putamen volume (ab). Standardized path 
coefficients are presented for the putamen (A) and caudate (exploratory; B) models. 
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Tables 
	
	
 
Table 1. Repeated measures ANOVA model statistics with covariates of sex, site, SES, 

pubertal status and change in intracranial volume.  

 
Region Main effect: 

victimization 
Main effect: time on 

brain 
Interaction 

 F p F p F p 

Left caudate 0.22 0.637 47.84 p<0.001 3.36 0.067 
Left putamen 2.03 0.155 53.79 p<0.001 4.38 0.037* 

 
*p<0.05 
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Table 2. Indirect effects analysis of peer victimization on psychopathology symptoms via 

changes in brain volumes 

 
Indirect effect on generalized anxiety 

 Brain region Estimate Bias-corrected 
bootstrapping,  
95% CI 

Peer victimization Change in left 
caudate volume 

0.036 0.002 to 0.099 

Peer victimization Change in left 
putamen volume 

0.043 0.004 to 0.109 

Indirect effect on generalized anxiety controlling for CTQ and LEQ 

Peer victimization Change in left 
caudate volume 

0.040 0.004 to 0.109 

Peer victimization Change in left 
putamen volume 

0.044 0.007 to 0.116 

Indirect effect on generalized anxiety controlling for depressive symptoms 

Peer victimization Change in left 
caudate volume 

0.042 0.004 to 0.119 

Peer victimization Change in left 
putamen volume 

0.045 0.007 to 0.123 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


