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ARTICLE INFO ABSTRACT

Keywords: Bullying victimization is associated with a doubled risk of attempting suicide in adulthood. Two longitudinal
Peer victimization brain morphometry studies identified the fusiform gyrus and putamen as vulnerable to bullying. No study
Bull.ying identified how neural alterations may mediate the effect of bullying on cognition. We assessed participants with
galsi;‘:lrphometry caregiver-reported bullying (N = 323) and matched non-bullied controls (N = 322) from the Adolescent Brain
Megdiation Cognitive Development Study dataset to identify changes in brain morphometry associated with ongoing

bullying victimization over two years and determine whether such alterations mediated the effect of bullying on
cognition.

Bullied children (38.7% girls, 47.7% racial minorities, 9.88 + 0.62 years at baseline) had poorer cognitive
performance (P < 0.05), larger right hippocampus (P = 0.036), left entorhinal cortex, left superior parietal
cortex, and right fusiform gyrus volumes (all P < 0.05), as well as larger surface areas in multiple other frontal,
parietal, and occipital cortices. Thinner cortices were also found in the left hemisphere, particularly in the left
temporal lobe, and right frontal region (all P < 0.05). Importantly, larger surface area in the fusiform cortices
partially suppressed (12-16%), and thinner precentral cortices partially mitigated, (7%) the effect of bullying on
cognition (P < 0.05). These findings highlight the negative impact of prolonged bullying victimization on brain
morphometry and cognition.

1. Introduction

Bullying victimization affects 20% of adolescents across the US (K.
Wang et al., 2020), and is a risk factor for suicide attempts (Meltzer
et al., 2011) in adulthood. Various cognitive outcomes were reported in
bullied children at different ages. For instance, children bullied before
age 6 years showed reduced executive function two years later (Holmes
et al., 2016), 8-9-year-old children who were bullied had 6-9 months
delays in reading, writing, and grammar (Mundy et al., 2017), and
adolescent victims had more impulsive decision-making behaviors

(Poon, 2016). Although there were no sex differences in executive
function among bullied children (Holmes et al., 2016), bullied girls
performed worse than non-bullied girls on writing and grammar tasks
(Mundy et al., 2017).

The mechanism by which bullying impacts brain morphology and
cognition is poorly understood. Rodent studies of social victimization
(Golden et al., 2011) identified changes in several brain regions,
including decreased spine density in the prefrontal cortex (Colyn et al.,
2019), enhanced dendritic arborization in the amygdala (Colyn et al.,
2019), and altered spine morphology in the hippocampus (Iniguez et al.,
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2016). A study of 10-year-old children who were bullied at age 8
identified thicker cortex in the fusiform gyrus two years following
bullying victimization (Muetzel et al., 2019). Another study found that
generalized anxiety in 682 bullied adolescents was mediated through
decreases in putamen and caudate volumes between ages 14 and 19
(Quinlan et al., 2020). Assessing preadolescent children will determine
the impact of bullying on brain development at a younger, more
stress-vulnerable age (Varma et al., 2021). This will validate earlier
findings and evaluate how these changes may mediate cognitive out-
comes, which in turn may lead to prevention strategies that can mitigate
risks associated with childhood bullying.

We used the longitudinal Adolescent Brain Cognitive Development
(ABCD) dataset to test the hypotheses that (i) over the two-year follow-
up, relative to non-bullied children, young adolescents who were bullied
would show persistently poorer cognitive performance and exhibit re-
ductions in subcortical volume, cortical surface area, and cortical
thickness in regions involved in cognition (e.g., prefrontal cortex, hip-
pocampus) and emotion processing (e.g., putamen, amygdala); and (ii)
these brain morphometric changes would mediate the effect of bullying
on cognitive outcomes.

2. Materials and methods
2.1. Data source

The ABCD study is an ongoing, 10-year longitudinal study of chil-
dren, starting at ages 9-10 years old, and includes data from the parents
regarding their children at 21 sites across the United States. Baseline
(Year 1) and second annual follow-up (Year 3) ABCD datasets (NDA
release v.3.0.1) from 6571 participants were assessed. Site selection,
recruitment, inclusion, and exclusion criteria were described elsewhere
(Garavan et al., 2018; Thompson et al., 2019). All caregivers gave
written informed consent and children provided assent. Local (site-s-
pecific) and central (University of California, San Diego) institutional
review boards approved the study. The sample size allows for detection
of medium to small effects (Garavan et al., 2018).

2.2. Measures

Age, sex at birth, race/ethnicity, caregiver education level, and
family income level were self-reported by each caregiver. Height and
weight were measured at the baseline visit and were used to calculate
BMI in R, (weight (Ib)/[height (in)]"2 x 703).

2.3. Bullying victimization

The caregivers were asked whether their children experienced
bullying at school or in their neighborhood as part of the Kiddie
Schedule for Affective Disorders and Schizophrenia background items
(Kaufman et al., 2000). A “yes” response at Years 1 and 3 was classified
as “Bullied” and a “no” response at both visits was classified as “Non--
bullied.” Participants whose caregiver responded “yes” at one visit but
“no” at the other visit were not included in the analyses. Youth reports
were not available in the NDA 3.0.1 data release.

2.4. Cognitive measures

One composite and five domain-based uncorrected scores were
derived from the NIH Cognition Battery Toolbox® (Luciana et al., 2018),
a widely used, validated assessment of cognitive performance in chil-
dren. The NIH Toolbox assesses reading (Oral Reading Recognition),
episodic memory (Picture Sequence Memory), processing speed (Pattern
Comparison Processing Speed), inhibitory control and attention
(Flanker Inhibitory Control and Attention), and vocabulary compre-
hension (Picture Vocabulary). The crystallized composite score com-
prises reading and vocabulary scores.
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2.5. Child psychopathology

Caregiver report of youth psychopathology on the baseline Child
Behavioral Checklist (CBCL) was also included. Specifically, we used the
grouped total problem score, derived from the eight domain scales of
anxious/depressed, withdrawn/depressed, somatic, social, thought,
attention, rule-breaking, and aggression.

2.6. Imaging acquisition and processing

T1-weighted MP-RAGE (Magnetization Prepared - RApid Gradient
Echo) scans (Casey et al., 2018) were acquired at each timepoint on 3 T
Siemens, Philips, or General Electric scanners (1-mm isotropic resolu-
tion). Cortical surface area, cortical thickness, and subcortical volume
measurements were derived from automated reconstruction and seg-
mentation using FreeSurfer v5.3 (Hagler et al., 2019). Both the cortical
and subcortical parcellations were automatically segmented using the
Desikan-Killiany atlas. The full lists of cortical (34 regions per hemi-
sphere) and subcortical ROIs (13 regions per hemisphere and 15 addi-
tional regions) are provided in Tables S1-2.

2.7. Experimental design and statistical analysis

323 bullied participants (125 girls, 154 racial minorities, 9.88 years
at baseline) were matched to 322 non-bullied participants (132 girls,
171 racial minorities, 9.84 years at baseline) derived from the ABCD
cohort for sex, age, race/ethnicity, caregiver education level, and family
income level using the MatchIt package in R (version 4.1.1). Participants
were matched for sex, age, race/ethnicity, parent education, and family
income to minimize potential confounding factors. Matched samples
were used to prevent the introduction of bias in the estimated effect from
increased sample size of the unexposed (non-bullied) group (Austin,
2010). Any participants with missing or incomplete variables, or those
not reported as bullied at both or neither visit were excluded from the
analyses (Fig. 1). Our power calculations indicated an 80% probability
of detecting a small effect size (f) of 0.11 with our sample size of 646 and
the alpha set at 0.05.

We used linear mixed-effects models (LMM) (Raudenbush and An-
thony, 2002; “Lmer Function - RDocumentation.” n.d, 2022) and
emmeans (Lenth et al., 2022) in R to determine whether being bullied
affected changes in cognitive scores or brain structures over time, using
the Ime4 and emmeans packages. LMMs include hierarchical distribu-
tions, which allow for the inclusion of nesting by site and scanner, as
well as repeated measures within a participant. Emmeans were used to
derive estimated marginal means, calculate effect sizes with 95% con-
fidence intervals for the main (being bullied) and interaction (bul-
lying*visit and bullying*sex) effects, and to generate plots. The
emmeans effect sizes used were Cohen’s d, which defines effects as small
when d= 0.2 but < 0.5, medium when d= 0.5 but < 0.8, and large when
d> 0.8 (Cohen, 1988).” For the main effect of bullying, a positive effect
indicated larger morphometry/greater cognition and a negative effect
indicated smaller morphometry/lower cognition in bullied children
compared to non-bullied children. Statistical significance was set at
P < 0.05 and covariates included age, sex, visit, race/ethnicity, parent
education, family income, CBCL total problem scores, BMI, and intra-
cranial volume (ICV). Although sex, age, race/ethnicity, parental/car-
egiver education, and family income were matched between groups, we
also included them as covariates to eliminate any potential confounds
for our findings. As mentioned above, LMMs were also nested by
participant by scanner site (1|ID/Scanner ID). All p-values were adjusted
for multiple comparisons using the Benjamini & Hochberg (false dis-
covery rate [FDR]) or Tukey (Dunn, 1961) methods (Benjamini and
Hochberg, 1995).

We then used mediation analyses (Mascha et al., 2013) to determine
whether changes in brain morphometry mediated the effect of being
bullied on cognitive scores, focusing on “bullying-impacted” brain
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Complete
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Y

Bullied participants:
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821Y3
Only bullied at Baseline: N=494
Only bullied at Y3:
1 N=498
Bullied at Baseline and
Y3
N=323

Fig. 1. Flow chart indicating participant inclusion/exclusion from study population. Fig. 1 Legend. This flow chart describes the participant information available for
each measure used, and how many participants were included and excluded for the analysis, to derive our final matched sample.

regions. The “bullying-impacted” regions used for these analyses were
those found to be significantly associated with bullying status using the
LMM and emmeans method described above. Specifically, individual
LMMs were used to calculate the effects of (a) bullying [X] on brain

morphometry (X-5M) and (b) brain morphometry on cognitive scores

[Y] (M LA Y). We then used a mediation model to calculate the total ef-
fect (c) of being bullied on cognitive scores, as well as the mediation

effect [M: (X N Y)] of subcortical volume, cortical volume, cortical
surface area, and cortical thickness of affected regions. This mediation
model also generated estimates and p-values for the direct effect (¢’) and

indirect effect (a*b) of bullying on cognition scores (X -, Y), as well as
the proportion of the effect attributed to the mediator. The temporal
precedence of the variables used was as follows. We calculated the effect
of being bullied on cognition, because while several studies have
implicated an association between victimization and lower cognitive
scores (Menken et al., 2022; Poon, 2016; Samper-Garcia et al., 2021),
cognition did not influence the likelihood of being bullied (Miguel and
Urztia, 2015). Additionally, a study of social defeat stress in mice
showed rodents that were victimized had dendritic atrophy (Fox et al.,
2020), which can impact regional brain volume. Lastly, studies in aging
and diseases showed that changes in brain morphometry can impact
cognition (Cao et al., 2021; Leong et al., 2017). The covariates used in
the LMMs above were also used for each portion of the mediation ana-
lyses. The mediation model did not allow for nesting; hence the scanner
type was included as a covariate instead of nesting by scanID. Effect sizes
for the total effect were calculated by multiplying the estimates of ‘a’ and
‘b’ (David, 2021). Cohen’s d standards (Cohen, 1988) were squared
(David, 2021); a small effect size was 0.04 but < 0.25, medium was 0.25
but < 0.64, and large was > 0.64. Our mediation reporting and results
followed the AGReMA (A Guideline for Reporting Mediation Analyses)
statement (Lee et al., 2021).

3. Results
3.1. Description of participant characteristics

Data from 645 children were included for the MRI analyses (Table 1,
Fig. 1). At Year 1, the youth were 9.9 + 0.6 years of age, 60% were boys
and 50% were racial/ethnic minorities (Hispanic, black, mixed/other).
The participant demographic characteristics were not different between

groups (P = 0.09-0.049, Table 1).

3.2. Cognitive outcomes of bullying

Overall, after inclusion of all covariates, bullied children had lower
scores than non-bullied children on reading (emmeans Cohen’s d effect
size (d) = —0.33, [95% Confidence Interval (CI), —0.66 to —O0.01;
P = 0.046), processing speed (d= —0.31, [95% CI, —0.53 to —0.08];
P = 0.008), and inhibitory control and attention (d= —0.20, [95% CI,
—0.38 to —0.02]; P = 0.030) (Fig. 2A, Table S3). No group differences
were found between bullied and non-bullied children in scores on
crystallized cognition composite (P =0.14), episodic memory
(P =0.67), and vocabulary comprehension (P = 0.51; Table S3).
Episodic memory (picture sequence memory) scores increased over two
years only in the bullied group (bullied: P =0.010; non-bullied
P =0.11), but interaction effects were not significant (interaction-
P = 0.21; Fig. 2B, Table S4).

3.3. Bullying victimization on subcortical brain volumes

Bullied children had larger right hippocampal volumes than non-
bullied children (d=0.52, [95% CI, 0.03-1.01]; P = 0.036) (Fig. 3A,
Table S7), but not in any other subcortical brain volumes
(P = 0.09-0.96; Table S7). Emmeans contrast for bullying-by-visit in-
teractions showed that the whole brain (P < 0.05) and supratentorial
volumes (P < 0.05) increased in the bullied and non-bullied groups
between visits, while left cerebral white matter volumes increased only
in the non-bullied group (Fig. 3B, Table S8; non-bullied: P = 0.042;
bullied: P =0.06). However, no significant interactions between
bullying and visit were found in any of the subcortical volumes
(Table S8). Multiple covariates, including visit (P < 0.05), sex
(P < 0.05), age (P < 0.05), race/ethnicity (P < 0.05), family income
(P < 0.05), CBCL total problem score (P < 0.05), BMI (P < 0.05), and
ICV (P < 0.05) impacted the LMM in at least five subcortical brain re-
gions (Table S9). However, parent education level did not impact the
model (P range: 0.15-0.94). Despite relatively larger right hippocampal
volumes in the bullied children, it had no impact on any of the three
cognition scores (Oral Reading Recognition: P = 0.43; Pattern Com-
parison Processing Speed: P = 0.71; Flanker Inhibitory Control and
Attention: P = 0.09) (Table S12).
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Table 1

Participant Characteristics. Bullied children with MRI data from Year 1 (Base-
line, Y1) and Year 3 (2nd follow-up, Y3) visits were matched with non-bullied
children for sex, age, race, caregiver education and income. None of the de-
mographic variables were significantly different.

Bullied (n = 323, Non-bullied Chi-square p-
50.0) (n = 322, 50.0) value

Sex at Birth: No. 0.43
(%)

Boys 198 (61.3) 190 (59.0)

Girls 125 (38.7) 132 (41.0)

Age: mean (SD), 0.34
months

Baseline (Y1) 118.6 +7.4 118.1+7.5

2nd Follow-up (Y3) 142.4 +£ 7.6 142.4 £ 7.6

Race/Ethnicity: 0.09
No. (%)

White 169 (52.3) 151 (46.9)

Black 45 (13.9) 60 (18.6)

Hispanic 54 (16.7) 56 (17.4)

Mixed-Other 55 (17.0) 55 (17.1)

Caregiver 0.38
Education:

High School 52 (16.1) 43 (13.9)
Graduate

College 222 (68.7) 228 (70.8)

Graduate Degree 49 (15.2) 51 (15.8)

Family Income: 0.49

< $50k 144 (44.6) 151 (46.9)

$50-$100k 100 (31.0) 90 (28.0)

> $100k 79 (24.5) 81 (25.2)

Site:

1 7 (2.2) 6 (1.9)

2 14 (4.3) 22(6.8)

3 24 (7.5) 15 (4.6)

4 33(10.2) 38 (11.8)

5 8 (2.5) 6 (1.9)

6 13 (4) 17 (5.3)

7 2 (0.6) 7 (2.2)

8 9 (2.8) 5(1.5)

9 10 3.1) 5(1.5)

10 17 (5.3) 20 (6.2)

11 4(1.2) 10 (3.1)

12 15 (4.7) 10 (3.1)

13 24 (7.5) 30 (9.3)

14 20 (6.2) 7 (2.2)

15 16 (5) 26 (8)

16 25 (7.8) 35(10.8)

17 11 (3.4) 10 (3.1)

18 9 (2.8) 6 (1.9)

19 22 (6.8) 134

20 24 (7.5) 20 (6.2)

21 14 (4.3) 15 (4.6)

22 1(0.3) 0(0)

3.4. Bullying victimization on cortical volume

Overall, bullied children had larger cortical volumes in the left en-
torhinal (d=0.39, P =0.013), left superior parietal (d=0.51,
P = 0.023), and right fusiform regions (d=0.60, P = 0.014) than chil-
dren in the non-bullied group (Fig. 4A-B, Table S13). Bullying-by-visit
showed an interaction in the right pars opercularis (interaction-
P = 0.048). Additionally, although no interaction for bullying-by-visit
was found in the left entorhinal cortical volume (interaction-
P =1.00), at Year 3 (Y3), the bullied group had larger volumes
compared to the non-bullied group (P = 0.049), but not at Year 1 (Y1)
(P = 0.17) (Figs. 4A, 4C, Table S14). Across all participants, regions that
displayed increased volume between visits included total (P < 0.05), left
(LH) (P = 0.05), and right hemisphere (RH) cortical volumes (P < 0.05),
left inferior temporal (P < 0.01), bilateral insula (P < 0.05), and right
isthmus cingulate (P < 0.05). Covariates that impacted the main LMM
included ICV for every region (P < 0.001); sex (P < 0.05), age
(P < 0.05), and race/ethnicity (P < 0.05) in most regions; and visit
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(P < 0.05), family income (P < 0.05), CBCL total problem score
(P < 0.05), and BMI (P < 0.05) in a couple of regions (Table S15).
Additionally, none of the three regions (left entorhinal, left superior
parietal, right fusiform) that were larger in bullied children compared to
non-bullied children affected cognition scores (P-value range:
0.09-0.81) (Table S18-19).

3.5. Bullying victimization on cortical surface area

Overall, after inclusion of covariates, compared to the non-bullied
children, bullied children had larger surface areas in multiple cortices,
including left entorhinal (d=0.34, P = 0.042), left paracentral (d=0.46,
P = 0.036), left pars orbitalis (d=0.46, P = 0.045), left superior parietal
(d=0.82, P = 0.004), right fusiform (d=0.88, P = 0.002), right pars
orbitalis (d=0.64, P = 0.017), right rostral middle frontal (d=0.72,
P = 0.029), and right superior parietal (d=0.67, P = 0.018) (Fig. 5A-B,
Table S20). Bullying-by-visit interaction was found in the pars orbitalis
(interaction-P = 0.017), where the cortical surface area was only larger
in the bullied group at Y3 (d=0.81, P = 0.016), but not at Y1 (d=0.47,
P = 0.32). Interactions were also found in the left rostral anterior
cingulate (interaction-P = 0.048) and in the right temporal pole (inter-
action-P = 0.048), where there were greater increases in surface area
between visits in the bullied group compared to the non-bullied group.
In addition, at both Y1 and Y3, surface areas were larger in the bullied
group than in the non-bullied group, in the left superior parietal (Y1:
d=0.79, P = 0.031; Y3: d=0.85, P =0.017) and right fusiform (Y1:
d=0.90, P = 0.013; Y3: d=0.87, P = 0.018) (Fig. 5 A, 5C, Table S21).
Across all participants, there were many regions that displayed increases
in surface area between visits, including total, LH, and RH surface areas.
Importantly, the effect of bullying on Crystallized Composite and Picture
Vocabulary test scores were suppressed by the larger right fusiform
surface areas (Crystallized indirect effect: 0.12, percent suppressed:
—11.8, P = 0.044; Picture Vocabulary indirect effect: 0.07, percent
suppressed: —15.6, P = 0.028) (Fig. 5D, Table S25-26). Assessment for
the impact of covariates on the bullying LMM showed that visit
(P < 0.05), sex (P < 0.05), age (P < 0.05), race/ethnicity (P < 0.05),
ICV (P < 0.001) significantly impacted cortical surface area in most
regions and income (P = 0.029), CBCL total problem score (P < 0.05),
and BMI (P < 0.05) affected the model for several brain regions
(Table S22).

3.6. Bullying victimization on cortical thickness

Compared to non-bullied children, bullied children had thinner
cortices in the left hemisphere (d= —0.39, P = 0.041), left banks of
superior temporal sulcus (STS) (d= —0.43, P = 0.038), left middle
temporal gyrus (d= —0.48, P = 0.009), left precentral gyrus (d= —0.48,
P =0.006), and right rostral middle frontal regions (d= -0.36,
P = 0.034) (Fig. 6A-B, Table 527). Bullying-by-visit interactions showed
that in the right lateral occipital cortex, the non-bullied group displayed
a greater decrease in size between visits (P = 0.04) than in the bullied
group (P =0.050) (interaction-P = 0.048; Fig. 6 C, Table S28). In
addition, in the left middle temporal gyrus, the bullied children had
thinner cortices than non-bullied children at Y3 (P = 0.037), but not at
Y1 (P = 0.09) (Fig. 6A, 6C). In both the bullied and non-bullied groups,
there were several regions that showed decreased cortical thickness
between visits, including the left lateral occipital (P < 0.01) and left
precentral gyri (P = 0.05). Thinner cortices in the left precentral gyrus
cortices mediated 7.0% of the effect of bullying status on inhibitory
control and attention scores (indirect effect: —0.23; P = 0.020) (Fig. 6D,
Table $32-33). The LMM for bullying on cortical thickness was influ-
enced by almost all the covariates evaluated: sex (P < 0.05), BMI
(P < 0.05), ICV (P < 0.05), visit (P < 0.05), age (P < 0.05), race/
ethnicity (P < 0.05), and CBCL total problem scores (P < 0.05)
(Table S29).
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Fig. 3. Bullying victimization status and subcortical volume over time. Fig. 3 Legend. A-B display the main effects of bullying (A) and interactive effects of bullying
and visit (B) on subcortical volumes, calculated using emmeans and linear mixed-effects models. C plots the interactive effects of bullying and sex on hippocampal
volumes, using emmeans and linear mixed-effects models. (*P < 0.05; **P < 0.01; ***P < 0.001; adjusted for multiple comparisons).

3.7. Sex differences in cognitive and brain measures

Regardless of bullying status, boys had lower cognitive scores on
episodic memory (d=0.23, [95% CI, 0.04-0.42]; P = 0.017) and pro-
cessing speed tasks (d=0.26, [95% CI, 0.05-0.47]; P = 0.014) than girls
(Table S5). In the non-bullied group, girls scored higher than boys on the

episodic memory task (P = 0.013), but the bullied groups showed no sex
differences on this task (P = 0.97) (Table S6). This led to a trend for an
interaction between bullying and sex on episodic memory (interaction-
P = 0.06). The same occurred on the processing speed task, where in the
non-bullied group alone, girls scored higher than boys (non-bullied:
P = 0.04; bullied: P = 0.78). In addition, bullied girls performed worse
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than non-bullied girls on the processing speed task (P = 0.030), but the
boys performed similarly regardless of bullying status (P = 0.47).
However, no interaction was found between bullying and sex on pro-
cessing speed (interaction-P = 0.21; Table S6).

Assessment for sex differences in subcortical volumes showed that
bullied boys had larger right hippocampal volumes than non-bullied
boys (P = 0.022), but the girls were similar regardless of bullying sta-
tus (P = 0.46) (Table S11). However, no sex-specific effects for bullying
were observed (interaction-P = 0.85). Additionally, for sex differences
in cortical volumes, girls had smaller total, LH, and RH brain volumes
than boys (d= —1.17 to —1.09; P < 0.001) (Table S16). Girls also had
smaller regional volumes in the three areas affected by bullying
victimization (left entorhinal: P < 0.001; left superior parietal:
P = 0.006; right fusiform: P < 0.001). Regarding the sex-by-bullying
effects, both the left entorhinal and right fusiform were larger in
bullied boys compared to non-bullied boys (left entorhinal: P = 0.024;
right fusiform: P = 0.032), but these cortical volumes were similar in
girls, regardless of bullying status (left entorhinal: P = 0.15; right fusi-
form: P = 0.12) (Table S17). The opposite occurred in the left superior
parietal, where it was larger among bullied girls compared to non-
bullied girls (P = 0.026), but the cortical volumes were comparable
among bullied and non-bullied boys (P = 0.18). Regardless, none of the
sex-by-bullying interactions were significant (P = 1.00).

Evaluation for sex differences in cortical surface area showed that
girls had smaller surface area than boys in nearly every region
(P < 0.001; Table S23). Although none of the sex-specific interactions
were significant (interaction-P = 1.00), bullied boys had larger surface
area than non-bullied boys in the left entorhinal (P = 0.046; girls
P = 0.32), right fusiform (P = 0.008; girls P = 0.06), and right superior
parietal regions (P = 0.037; girls P = 0.14), whereas girls only trended
towards significance in the right fusiform (Table S24). Bullied girls had

larger surface area than non-bullied girls in the left (P = 0.005; boys
P = 0.60) and right pars orbitalis (P = 0.003; boys P = 0.38) and right
rostral middle frontal regions (P = 0.012; boys P = 0.32), while boys
displayed no group differences.

Across all participants, girls had thicker cortices than boys (including
total LH and total RH) (P < 0.001) and in all four bullying-impacted
regions (P < 0.05) (Table S30). However, in the left STS, bullied girls
had thinner cortices than non-bullied girls (P = 0.049), while the boys
had similar thickness between the bullied and non-bullied group
(P = 0.20; interaction-P = 1.00) (Table S31). In addition, in the left
middle temporal gyrus, bullied boys had thinner cortices than non-
bullied boys (P = 0.038), while the girls only tended to show a group
difference (P = 0.06; interaction-P = 1.00).

4. Discussion

In this study of bullied children and their brain morphometric and
cognitive development, we identified novel brain areas involved in
cognitive processes that are vulnerable to consistent bullying victimi-
zation over two years. We found thinner left hemisphere, banks of STS,
middle temporal, precentral, and rostral middle frontal cortices, and
enlarged right hippocampus, superior parietal, entorhinal, paracentral,
pars orbitalis and fusiform regions. This is the first study to identify
altered morphometry in many of these regions. We further demonstrated
that several of these abnormal brain measures (larger surface areas in
the fusiform cortices, but thinner precentral cortices) partially sup-
pressed or mediated ongoing bullying victimization status on cognition,
including episodic memory, crystallized composite scores, inhibitory
control, and attention. These findings provide novel insights into the
neural correlates of bullying on cognition.

Similar to an earlier study (Muetzel et al., 2019), we found
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alterations in the fusiform gyrus among bullied children. However,
while the prior study reported thicker than normal left fusiform gyrus in
47 children bullied by age 8 and scanned at age 10 (Muetzel et al.,
2019), the bullied children in our study, at similar ages, had relatively
larger cortical surface area and volume, but normal cortical thickness, in
the right fusiform cortex.

4.1. Cognitive outcomes of bullying

Consistent with previous studies, we found that bullied children had
poorer reading (Mundy et al., 2017; Menken et al., 2022) and inhibitory
control (Samper-Garcia et al., 2021; Poon, 2016; Menken et al., 2022)
than non-bullied children. Lacking emotional regulation may worsen the
effects of bullying because of its role in adapting to stressful or traumatic
events (Frederick and Le Menestrel, 2016). Additionally, low impulse
control may cause bullying victims to put themselves in risky situations
(Poon, 2016). Like our earlier study of cognition in the ABCD baseline
cohort (Menken et al., 2022), we identified novel findings that bullied
children had lower processing speed scores than their non-bullied peers.
Delayed processing speed may impact their communication skills, as
seen in adults with autism spectrum disorder (Haigh et al., 2018) or
schizophrenia (McClure et al., 2007), and would exacerbate any social
issue in school and disturb their ability to ask for help.

4.2. Larger right hippocampal volumes associated with ongoing bullying

The hippocampus plays a significant role in learning and memory
and is distinctively vulnerable to stress (Anand and Dhikav, 2012).
Although no previous studies identified hippocampal structural changes
following bullying, one study linked smaller hippocampal white matter
to childhood emotional neglect in adult depressed patients (Frodl et al.,
2010), while another found smaller hippocampal volume was linked to
higher levels of perceived stress in adults (Lindgren, Bergdahl, and
Nyberg, 2016). Importantly, bullying victimization was linked to stress
disorders, including post-traumatic stress disorder (Idsoe et al., 2012).

The larger right hippocampus in the bullied children is novel.
Another study of older adults found that those with larger hippocampi
had greater white matter fiber coherence with higher fractional
anisotropy and better learning (Bender et al., 2020). However, the
abnormally large right hippocampus in our bullied children did not act
as a mediator or contribute to better cognition in bullied children.
Future studies should evaluate whether the hippocampal volumes might
mediate the effects of bullying on psychiatric symptoms.

4.3. Larger cortical volume in children with ongoing bullying victimization

Our finding of abnormalities in the right fusiform gyrus is compa-
rable to a study that identified thicker cortex in the fusiform among
children of a similar age range to our cohort (Muetzel et al., 2019).
However, in this brain region, while the prior study found thicker cortex,
we found normal cortical thickness, but relatively larger right cortical
volume and surface area, in the bullied children. It was hypothesized
that due to the role of the fusiform in facial and emotion processing, the
bullied victims may be more perceptive to the faces of their bullies and
would react more to fearful or threatening faces (Muetzel et al., 2019).
Although the fusiform gyrus did not mediate the effect of bullying on
reading scores in our study, it is possible that the role of the fusiform
gyrus in verbal fluency (Abrahams et al., 2003) may be indirectly
influencing this relationship.

Smaller volume of the entorhinal cortex was associated with episodic
memory impairments in geriatric depression (Bell-McGinty et al., 2002),
as well as altered functional activity of the medial frontal cortex during
the recognition portion of an episodic memory task in mild cognitive
impairment patients, which was thought to contribute to their lower
scores (Y. Wang et al., 2019). Therefore, the larger entorhinal volume in
our bullied children should have led to relatively higher episodic
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memory scores, but we saw no group differences. One explanation for
this finding is that the larger entorhinal volume is a compensatory
response to normalize the episodic memory following bullying, allowing
the bullied children to perform at the same level as non-bullied children.

Our finding of enlarged left superior parietal volumes in bullied
children is similar to an earlier study that showed enlarged right supe-
rior parietal volumes in adolescents with major depressive disorder and
a history of trauma (Pan and Thomas, 2016). Another study found
altered superior parietal activation during a social inclusion task relative
to the social exclusion task in bullied adolescents (Kiefer et al., 2021).
Since the superior parietal lobule plays an important role in attention
and visuospatial function (Maurizio et al., 1995), together with prior
studies, our findings suggest that the superior parietal lobule may be
affected by the stress or trauma of bullying victimization, which might
lead to slower information processing. However, cortical volume of the
superior parietal lobule did not mediate the effect of bullying on pro-
cessing speed.

4.4. Larger cortical surface area in children with ongoing bullying
victimization

We identified larger surface areas in the bilateral superior parietal
lobule and pars orbitalis; left entorhinal and paracentral; and right
fusiform and rostral middle frontal in bullied children compared to non-
bullied children. Because surface area is more closely related to cortical
volume than cortical thickness (Winkler et al., 2010), larger surface
areas in the left superior parietal, left entorhinal, and right fusiform
regions among bullied children, at least in part, are likely contributing to
their greater cortical volumes.

Our mediation findings in the fusiform gyrus may follow a suppres-
sion effect (MacKinnon, Krull, and Lockwood, 2000), since the total
effect calculated was larger than the direct effect of bullying on cogni-
tion. A suppression effect in this context indicates that the changes in the
fusiform gyrus likely help explain the relationship between bullying and
lower cognitive score as being attributed to the non-neural impact of
bullying. This also indicates a weakening of the relationship between
bullying and the fusiform gyrus. The larger fusiform surface area, which
is linked to visual processing (Dickerson and Eichenbaum, 2010), may
mitigate a negative relationship between bullying, crystallized com-
posite, and episodic memory cognitive scores, which may explain why
bullying was not associated with lower cognitive scores in these do-
mains. Since the rostral middle frontal region is involved in working
memory (Michalski, 2016), which is essential for reading comprehen-
sion (Nouwens et al., 2017), we had expected that the larger surface area
in this region might mediate the association between bullying and
reading. However, this region did not show a mediation or suppression
effect. Furthermore, since the pars orbitalis is involved in language
processing (Belyk et al., 2017), the abnormal enlargement of this brain
region may explain why bullied children performed worse on the
reading task. Also, our finding that bullied children had larger surface
areas in the pars orbitalis at Y3, but not at Y1, may suggest differential
growth trajectories between the bullied and non-bullied groups, which
can only be evaluated through further follow-up scans. The paracentral
region showed relatively greater connectivity in the sensorimotor
network under prolonged stress conditions (Soares et al., 2013), hence,
it’s increased surface area in bullied children may reflect the prolonged
stress of ongoing bullying.

4.5. Thinner cortices in children with ongoing bullying

Cortical thickness is positively associated with intelligence across the
lifespan (Menary et al., 2013). Therefore, our findings of relatively
thinner cortices in the left hemisphere, left precentral gyrus, left banks of
STS, left middle temporal, and right rostral middle frontal regions of
bullied children implicate a potential association between bullying
victimization and lower intelligence. However, another study found that
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greater intelligence was associated with a thinner cortex at ten years,
followed by a greater rate of thinning (Schnack et al., 2015). Whether
these bullied children with relatively thinner cortices will develop lower
or greater intelligence remains to be determined with future longer
follow-up studies within the ABCD Study.

Thinner cortices in the precentral gyrus, a region involved in
voluntary motor movement (Banker and Tadi, 2021), mediated the
relationship between bullying and inhibitory control and attention
scores, likely because this task’s scores are dependent on motor response
times. Additionally, since the middle temporal gyrus is involved in se-
mantic memory processing (Xu et al., 2015) and object recognition
(Chao et al., 1999), while the banks of STS is implicated in overall
cognition (Deen et al., 2015), and the rostral middle frontal gyrus is
involved in executive function and working memory (Michalski, 2016),
we expected that the thinner cortices in these regions of the bullied
children might also mediate the poorer performance on these cognitive
tasks. However, we did not find such mediation effects. Our finding of a
greater decrease of the right lateral occipital cortical thickness in
non-bullied group may be negatively related to cognition, similar to how
lateral occipital cortical thickness negatively impacted cognition in a
study of adults with Huntington’s disease (Johnson et al., 2015).

4.6. Sex differences in cognitive and brain measures

Similar to previous findings, girls performed better on processing
speed (Daseking and Franz Petermann, 2017) and episodic memory
tasks (Herlitz, Nilsson, and Backman, 1997) than boys, although these
effect sizes were small. Assessment for bullying-by-sex interaction
showed that girls tended to outperform boys on episodic memory only in
the non-bullied group. This lack of sex effect in the bullied group may be
due to higher perceived stress from being bullied among females (Graves
et al,, 2021), which can impair learning and memory (Vogel and
Schwabe, 2016).

All our findings related to sex differences in the bullying-affected
brain regions are consistent with earlier studies. Specifically, the lack
of sex differences in hippocampal volume is similar to earlier reports
that included correction for intracranial volumes (Yagi and Liisa, 2019).
Additionally, our findings of larger left cortical volumes, smaller surface
areas, and thicker cortices in girls compared to boys over two years is
consistent with prior studies of healthy children or adults (Ritchie et al.,
2018; Lotze et al., 2019; Y. Wang et al., 2019; Frederikse et al., 1999;
Sowell et al., 2007).

4.7. Magnitude of bullying effects

For analyses with a main effect of bullying status, effect sizes were
small to medium for cognition, cortical volume, and cortical thickness,
medium for right hippocampal volume, and small to large for cortical
surface area. For mediation analyses on surface area and cortical
thickness, the total effects calculated were small. However, all results
were meaningful (Sullivan and Feinn, 2012) and allude to the impor-
tance of bullying prevention among preadolescent youth.

4.8. Limitations

One limitation of the current study is that caregivers only answered
one question whether the child was bullied at baseline. However, several
studies within (Menken et al., 2022) and outside of (Pervanidou et al.,
2019) the ABCD Study also used one bullying variable with a “yes/no”
answer for their analyses. Additionally, the data archive did not release
the youth’s self-report of being bullied at the baseline visit. Because of
the limited information regarding bullying at this study timepoint, we
are likely missing several factors that might affect our findings. Specif-
ically, we could not evaluate the relationships between the fre-
quency/intensity of bullying and cognitive or neural factors. Future
studies will expand this longitudinal analysis to include additional years
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of follow-up with data on the frequency/intensity of victimization, re-
ported by the caregiver and youth. While the matching procedure that
we used has the benefit of reducing unrelated variability or confounding
factors, it is important to note that this procedure might limit the
generalizability of our findings to a larger population. Maternal psy-
chopathology may also be a confounding factor for cognitive (Paquin
etal., 2020; Schechter et al., 2017) and neurological findings (Adamson,
Letourneau, and Lebel, 2018; Niehaus et al., 2019). Because over 15% of
the caregivers in the ABCD study were not the biological mother, this
potential confounding variable was not evaluated.

5. Conclusions

Our novel findings support our hypotheses of delayed brain
morphometric and cognitive developmental trajectories in bullied chil-
dren, and that changes in “bullying-impacted” brain regions may
mediate the relationships between bullying and cognition. Further
research is needed to determine whether these alterations remain over a
longer period during adolescence, and how the frequency and intensity
of bullying might impact the neurodevelopmental trajectories. Due to
the critical roles of these brain regions in emotional processing and
regulation, early intervention may be critical to prevent negative psy-
chiatric outcomes.

Additional contributions
We thank Perri Wein for help editing the manuscript.
Funding

We thank all the ABCD Study participants. Data used in the prepa-
ration of this article were obtained from the Adolescent Brain Cognitive
Development®™ (ABCD) Study (https://abedstudy.org), held in the
NIMH Data Archive (NDA). This is a multisite, longitudinal study
designed to recruit more than 10,000 children age 9-10 and follow them
over 10 years into early adulthood. The ABCD Study® is supported by
the National Institutes of Health and additional federal partners under

award numbers U01DA041048, U01DA050989, UO01DA051016,
UO1DA041022, UO01DA051018, U01DA051037, UO01DA050987,
UO1DA041174, UO1DA041106, UO01DA041117, UO01DA041028,
UO1DA041134, UO01DA050988, U01DA051039, U01DA041156,
UO1DA041025, UO1DA041120, UO01DA051038, UO01DA041148,

U01DA041093, U0O1DA041089, U24DA041123, U24DA041147. A full
list of supporters is available at https://abcdstudy.org/federal-partners.
html. "A listing of participating sites and a complete listing of the study
investigators can be found at https://abcdstudy.org/con-
sortium_members/. ABCD consortium investigators designed and
implemented the study and/or provided data but did not necessarily
participate in the analysis or writing of this report. This manuscript
reflects the views of the authors and may not reflect the opinions or
views of the NIH or ABCD consortium investigators. The ABCD data
repository grows and changes over time. The ABCD data used in this
report came from https://dx.doi.org/10.15154/1520591. DOIs can be
found at https://dx.doi.org/10.15154/1528637."

These funding sources were involved in the overall study design of
the ABCD Study.

CRediT authorship contribution statement

Ms. Menken takes responsibility for the integrity of the data and the
accuracy of the data analysis. All authors had access to the dataset used
in the current study.

Miriam Menken: Conceptualization, Methodology, Formal analysis,
Investigation, Writing — original draft. Pedro Rodriguez Rivera:
Formal analysis, Investigation, Writing — review & editing. Amal Isaiah:
Conceptualization, Methodology, Writing - review & editing,



M.S. Menken et al.

Supervision. Thomas Ernst: Conceptualization, Writing — review &
editing, Supervision, Funding Acquisition. Christine Cloak: Conceptu-
alization, Investigation, Writing — review & editing. Linda Chang:
Conceptualization, Methodology, Writing — review & editing, Supervi-
sion, Funding acquisition.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data Availability

Data from the ABCD Study Data Release 3.0 is available for access
through the NIMH Data Archive (https://dx.doi.
org/10.15154/1520591). Only researchers with an approved NDA
Data Use Certification (DUC) can obtain ABCD Study data.

Appendix A. Supporting information

Supplementary data associated with this article can be found in the
online version at doi:10.1016/j.dcn.2023.101247.

References

“Lmer Function - RDocumentation.” n.d. Accessed 31 March 2022. (https://www.rdo
cumentation.org/packages/lme4/versions/1.1-28/topics/lmer).

Abrahams, Sharon, Laura, H.Goldstein, Simmons, Andy, Brammer, Michael J.,
Williams, Steve C.R., Giampietro, Vincent P., Andrew, Chris M., Nigel Leigh, P.,
2003. Functional magnetic resonance imaging of verbal fluency and confrontation
naming using compressed image acquisition to permit overt responses. Hum. Brain
Mapp. 20 (1), 29-40. https://doi.org/10.1002/hbm.10126.

Adamson, Brianna, Nicole Letourneau, Catherine Lebel. 2018. “Prenatal Maternal
Anxiety and Children’s Brain Structure and Function: A Systematic Review of
Neuroimaging Studies.” Journal of Affective Disorders 241 (December): 117-26.
https://doi.org/10.1016/j.jad.2018.08.029.

Anand, Kuljeet Singh, Dhikav, Vikas, 2012. Hippocampus in health and disease: an
overview. Ann. Indian Acad. Neurol. 15 (4), 239-246. https://doi.org/10.4103/
0972-2327.104323.

Austin, Peter C., 2010. Statistical criteria for selecting the optimal number of untreated
subjects matched to each treated subject when using many-to-one matching on the
propensity score. Am. J. Epidemiol. 172 (9), 1092-1097. https://doi.org/10.1093/
aje/kwq224.

Banker, Linnea, Prasanna Tadi 2021. “Neuroanatomy, Precentral Gyrus.” In StatPearls.
Treasure Island (FL): StatPearls Publishing. http://www.ncbi.nlm.nih.gov/books/
NBK544218/.

Bell-McGinty, Sandra, Meryl, A.Butters, Carolyn, Cidis Meltzer, Phil, J., Greer,

Charles, F., Reynolds, Becker, James T., 2002. Brain morphometric abnormalities in
geriatric depression: long-term neurobiological effects of illness duration. Am. J.
Psychiatry 159 (8), 1424-1427. https://doi.org/10.1176/appi.ajp.159.8.1424.

Belyk, Michel, Steven Brown, Jessica Lim, Sonja, A.Kotz, 2017. Convergence of semantics
and emotional expression within the IFG pars orbitalis. Neurolmage 156 (August),
240-248. https://doi.org/10.1016/j.neuroimage.2017.04.020.

Bender, Andrew R., Andreas, M.Brandmaier, Diizel, Sandra, Keresztes, Attila,
Pasternak, Ofer, Lindenberger, Ulman, Simone Kiihn, 2020. Hippocampal subfields
and limbic white matter jointly predict learning rate in older adults. Cereb. Cortex
30 (4), 2465-2477. https://doi.org/10.1093/cercor/bhz252.

Benjamini, Yoav, Yosef Hochberg. 1995. Controlling the False Discovery Rate: A
Practical and Powerful Approach to Multiple Testing.” Journal of the Royal
Statistical Society: Series B (Methodological) 57 (1): 289-300. https://doi.org/
10.1111/§.2517-6161.1995.tb02031.x.

Cao, Chenghao, Qi Wang, Hongmei Yu, Huaguang Yang, Yingmei Li, Miaoran
Guo, Huaibi Huo, Fan, Guoguang, 2021. Morphological changes in cortical and
subcortical structures in multiple system atrophy patients with mild cognitive
impairment. Front. Hum. Neurosci. 15, 649051 https://doi.org/10.3389/
fnhum.2021.649051.

Casey, B.J., Cannonier, Tariq, Conley, May I., Cohen, Alexandra O., Barch, Deanna M.,
Heitzeg, Mary M., Soules, Mary E., et al., 2018. The adolescent brain cognitive
development (ABCD) study: imaging acquisition across 21 sites. Dev. Cogn.
Neurosci., Adolesc. Brain Cogn. Dev. (ABCD) Consort.: Ration., Aims, Assess.
Strategy 32 (August), 43-54. https://doi.org/10.1016/j.den.2018.03.001.

Chao, Linda L., James, V.Haxby, Martin, Alex, 1999. Attribute-based neural substrates in
temporal cortex for perceiving and knowing about objects. Nat. Neurosci. 2 (10),
913-919. https://doi.org/10.1038/13217.

Cohen, Jacob, 1988. Statistical Power Analysis for the Behavioral Sciences, second ed.
Routledge. https://doi.org/10.4324/9780203771587.

10

Developmental Cognitive Neuroscience 61 (2023) 101247

Colyn, L., Venzala, E., Marco, S., Perez-Otano, 1., Tordera, R.M., 2019. Chronic social
defeat stress induces sustained synaptic structural changes in the prefrontal cortex
and amygdala. Behav. Brain Res. 373 (November), 112079 https://doi.org/10.1016/
j.bbr.2019.112079.

Daseking, Monika, Franz Petermann, Hans-Christian Waldmann, 2017. Sex differences in
cognitive abilities: analyses for the German WAIS-IV.”. Personal. Individ. Differ. 114
(August), 145-150. https://doi.org/10.1016/j.paid.2017.04.003.

David, Kenny, 2021. Mediation 4, 2021. (https://davidakenny.net/cm/mediate.htm).

Deen, Ben, Koldewyn, Kami, Kanwisher, Nancy, Saxe, Rebecca, 2015. Functional
organization of social perception and cognition in the superior temporal sulcus.
Cereb. Cortex 25 (11), 4596-4609. https://doi.org/10.1093/cercor/bhv111.

Dickerson, Bradford C., Eichenbaum, Howard, 2010. The episodic memory system:
neurocircuitry and disorders. Neuropsychopharmacology 35 (1), 86-104. https://
doi.org/10.1038/npp.2009.126.

Dunn, Olive Jean, 1961. Multiple comparisons among means. J. Am. Stat. Assoc. 56
(293), 52-64. https://doi.org/10.1080/01621459.1961.10482090.

Fox, Megan E., Chandra, Ramesh, Miriam, S., Menken, Emily J., Larkin, Hyungwoo Nam,
Engeln, Michel, Chase Francis, T., Kay Lobo, Mary, 2020. Dendritic remodeling of D1
neurons by rhoa/rho-kinase mediates depression-like behavior. Mol. Psychiatry 25
(5), 1022-1034. https://doi.org/10.1038/s541380-018-0211-5.

Rivara, Frederick,Suzanne Le Menestrel, Committee on the Biological and Psychosocial
Effects of Peer Victimization: Lessons for Bullying Prevention, Youth Board on
Children, Committee on Law and Justice, Division of Behavioral and Social Sciences
and Education, Health and Medicine Division, and Engineering National Academies
of Sciences. 2016. Consequences of Bullying Behavior. Preventing Bullying Through
Science, Policy, and Practice. National Academies Press (US). https://www.ncbi.
nlm.nih.gov/books/NBK390414/.

Frederikse, Melissa E., Lu, Angela, Elizabeth, Aylward, Barta, Patrick, Pearlson, Godfrey,
1999. Sex differences in the inferior parietal lobule. Cereb. Cortex 9 (8), 896-901.
https://doi.org/10.1093/cercor/9.8.896.

Frodl, Thomas, Reinhold, Elena, Koutsouleris, Nikolaos, Reiser, Maximilian,
Meisenzahl, Eva M., 2010. Interaction of childhood stress with hippocampus and
prefrontal cortex volume reduction in major depression. J. Psychiatr. Res. 44 (13),
799-807. https://doi.org/10.1016/].jpsychires.2010.01.006.

Gaillard F, Bell D, Condon J, et al. 2023 Entorhinal cortex. Reference article,
Radiopaedia.org (Accessed on 26 Apr 2023) https://doi.org/10.53347/rID-25844.

Garavan, H., Bartsch, H., Conway, K., Decastro, A., Goldstein, R.Z., Heeringa, S.,
Jernigan, T., Potter, A., Thompson, W., Zahs, D., 2018. Recruiting the ABCD Sample:
Design Considerations and Procedures. Dev. Cogn. Neurosci. 32 (August), 16-22.
https://doi.org/10.1016/j.dcn.2018.04.004.

Golden, Sam A., Herbert, E.Covington, Berton, Olivier, Russo, Scott J., 2011.

A standardized protocol for repeated social defeat stress in mice. Nat. Protoc. 6 (8),
1183-1191. https://doi.org/10.1038/nprot.2011.361.

Graves, B., Sue, Michael, Hall, E., Dias-Karch, Carolyn, Haischer, Michael H.,

Apter, Christine, 2021. Gender differences in perceived stress and coping among
college students. PLOS ONE 16 (8), €0255634. https://doi.org/10.1371/journal.
pone.0255634.

Hagler, Donald J., Hatton, SeanN., Daniela, M., Cornejo, Carolina, Makowski, Damien A.,
Fair, Anthony, Dick, Steven, Matthew, T., Sutherland, et al., 2019. Image processing
and analysis methods for the adolescent brain cognitive development study.
NeuroIlmage 202 (November), 116091. https://doi.org/10.1016/j.
neuroimage.2019.116091.

Haigh, Sarah M., Jennifer, A.Walsh, Carla, A., Mazefsky, Nancy J., Minshew, Eack, Shaun
M., 2018. Processing speed is impaired in adults with autism spectrum disorder, and
relates to social communication abilities. J. Autism Dev. Disord. 48 (8), 2653-2662.
https://doi.org/10.1007/s10803-018-3515-z.

Herlitz, A., Nilsson, L.G., Backman, L., 1997. Gender differences in episodic memory.
Mem. Cogn. 25 (6), 801-811. https://doi.org/10.3758/bf03211324.

Holmes, Christopher, Jungmeen Kim-Spoon, J., Deater-Deckard, Kirby, 2016. Linking
executive function and peer problems from early childhood through middle
adolescence. J. Abnorm. Child Psychol. 44 (1), 31-42. https://doi.org/10.1007/
510802-015-0044-5.

Idsoe, Thormod, Dyregrov, Atle, Cosmovici Idsoe, Ella, 2012. Bullying and PTSD
symptoms. J. Abnorm. Child Psychol. 40 (6), 901-911. https://doi.org/10.1007/
$10802-012-9620-0.

Iniguez, Sergio, Antonio Aubry, D., Lace, M., Jason, Riggs, Alipio, B., Roseanna, M.,
Francisco, Zanca, Flores-Ramirez, J., Mirella, A., Hernandez, Steven, Nieto, J.,
Musheyev, David, Serrano, Peter A., 2016. Social defeat stress induces depression-
like behavior and alters spine morphology in the hippocampus of adolescent male
C57BL/6 mice. Neurobiol. Stress 5 (August), 54-64. https://doi.org/10.1016/j.
ynstr.2016.07.001.

Johnson, Eileanoir B., Elin, M.Rees, Labuschagne, Izelle, Durr, Alexandra, Leavitt, Blair
R., Roos, Raymund A.C., Reilmann, Ralf, et al., 2015. The Impact of occipital lobe
cortical thickness on cognitive task performance: an investigation in huntington’s
disease. Neuropsychologia 138-146. https://doi.org/10.1016/j.
neuropsychologia.2015.10.033.

Kaufman, J., Birmaher, B., Brent, D.A., Ryan, N.D., Rao, U., 2000. K-SADS-PL. J. Am.
Acad. Child Adolesc. Psychiatry 39 (10), 1208. https://doi.org/10.1097/00004583-
200010000-00002.

Kiefer, Markus, Sim, Eun-Jin, Heil, Sabrina, Brown, Rebecca, Herrnberger, B.arbel,
Spitzer, Manfred, Gron, Georg, 2021. Neural signatures of bullying experience and
social rejection in teenagers. PLOS ONE 16 (8), €0255681. https://doi.org/10.1371/
journal.pone.0255681.

Lee, Hopin, Aidan, G.Cashin, Lamb, Sarah E., Hopewell, Sally, Vansteelandt, Stijn,
VanderWeele, Tyler J., MacKinnon, David P., et al., 2021. A guideline for reporting


https://dx.doi.org/10.15154/1520591
https://dx.doi.org/10.15154/1520591
https://doi.org/10.1016/j.dcn.2023.101247
https://www.rdocumentation.org/packages/lme4/versions/1.1-28/topics/lmer
https://www.rdocumentation.org/packages/lme4/versions/1.1-28/topics/lmer
https://doi.org/10.1002/hbm.10126
https://doi.org/10.4103/0972-2327.104323
https://doi.org/10.4103/0972-2327.104323
https://doi.org/10.1093/aje/kwq224
https://doi.org/10.1093/aje/kwq224
https://doi.org/10.1176/appi.ajp.159.8.1424
https://doi.org/10.1016/j.neuroimage.2017.04.020
https://doi.org/10.1093/cercor/bhz252
https://doi.org/10.3389/fnhum.2021.649051
https://doi.org/10.3389/fnhum.2021.649051
https://doi.org/10.1016/j.dcn.2018.03.001
https://doi.org/10.1038/13217
https://doi.org/10.4324/9780203771587
https://doi.org/10.1016/j.bbr.2019.112079
https://doi.org/10.1016/j.bbr.2019.112079
https://doi.org/10.1016/j.paid.2017.04.003
https://davidakenny.net/cm/mediate.htm
https://doi.org/10.1093/cercor/bhv111
https://doi.org/10.1038/npp.2009.126
https://doi.org/10.1038/npp.2009.126
https://doi.org/10.1080/01621459.1961.10482090
https://doi.org/10.1038/s41380-018-0211-5
https://doi.org/10.1093/cercor/9.8.896
https://doi.org/10.1016/j.jpsychires.2010.01.006
https://doi.org/10.1016/j.dcn.2018.04.004
https://doi.org/10.1038/nprot.2011.361
https://doi.org/10.1371/journal.pone.0255634
https://doi.org/10.1371/journal.pone.0255634
https://doi.org/10.1016/j.neuroimage.2019.116091
https://doi.org/10.1016/j.neuroimage.2019.116091
https://doi.org/10.1007/s10803-018-3515-z
https://doi.org/10.3758/bf03211324
https://doi.org/10.1007/s10802-015-0044-5
https://doi.org/10.1007/s10802-015-0044-5
https://doi.org/10.1007/s10802-012-9620-0
https://doi.org/10.1007/s10802-012-9620-0
https://doi.org/10.1016/j.ynstr.2016.07.001
https://doi.org/10.1016/j.ynstr.2016.07.001
https://doi.org/10.1016/j.neuropsychologia.2015.10.033
https://doi.org/10.1016/j.neuropsychologia.2015.10.033
https://doi.org/10.1097/00004583-200010000-00002
https://doi.org/10.1097/00004583-200010000-00002
https://doi.org/10.1371/journal.pone.0255681
https://doi.org/10.1371/journal.pone.0255681

M.S. Menken et al.

mediation analyses of randomized trials and observational studies: the AGReMA
Statement. JAMA 326 (11), 1045-1056. https://doi.org/10.1001/jama.2021.14075.

Lenth, Russell V., Buerkner, Paul, Herve, Maxime, Love, Jonathon, Miguez, Fernando,
Riebl, Hannes, Singmann, Henrik, 2022. Emmeans: estimated marginal means. Aka
Least-Sq. Means. (https://CRAN.R-project.org/package=emmeans).

Leong, Ruth, June, L.F,, Lo, C., Sam, K.Y., Sim, Hui Zheng, Jesisca, Tandi, Zhou, Juan,
Michael, W.L., Chee, 2017. Longitudinal brain structure and cognitive changes over
8 years in an East Asian Cohort. Neurolmage 147 (February), 852-860. https://doi.
org/10.1016/j.neuroimage.2016.10.016.

Lindgren, Lenita, Bergdahl, Jan, Nyberg, Lars, 2016. Longitudinal evidence for smaller
hippocampus volume as a vulnerability factor for perceived stress. Cereb. Cortex 26
(8), 3527-3533. https://doi.org/10.1093/cercor/bhw154.

Mundy, Lisa K., Canterford, Louise, Kosola, Silja, Degenhardt, Louisa, Allen, Nicholas B.,
Patton, George C., 2017. Peer victimization and academic performance in primary
school children. Acad. Pediatr. 17 (8), 830-836. https://doi.org/10.1016/j.
acap.2017.06.012.

Lotze, Martin, Martin Domin, Florian H. Gerlach, Christian Gaser, Eileen Lueders,
Carsten O.. Schmidt, Nicola Neumann. 2019. Novel Findings from 2,838 Adult
Brains on Sex Differences in Gray Matter Brain Volume.” Scientific Reports 9 (1):
1671. https://doi.org/10.1038/s41598-018-38239-2.

Luciana, M., Bjork, J.M., Nagel, B.J., Barch, D.M., Gonzalez, R., Nixon, S.J., Banich, M.T.,
2018. Adolescent neurocognitive development and impacts of substance use:
overview of the adolescent brain cognitive development (ABCD) baseline
neurocognition battery. Dev. Cogn. Neurosci. 32 (August), 67-79. https://doi.org/
10.1016/j.dcn.2018.02.006.

MacKinnon, D.P., Krull, J.L., Lockwood, C.M., 2000. Equivalence of the mediation,
confounding and suppression effect. Prev. Sci.: Off. J. Soc. Prev. Res. 1 (4), 173-181.
https://doi.org/10.1023/a:1026595011371.

Mascha, Edward J., Jarrod E.Dalton, Andrea Kurz, Leif Saager. 2013. “Statistical Grand
Rounds: Understanding the Mechanism: Mediation Analysis in Randomized and
Nonrandomized Studies.” Anesthesia and Analgesia 117 (4): 980-94. https://doi.
org/10.1213/ANE.0b013e3182a44cb9.

Maurizio, Corbetta, Gordon, L., Francis, Shulman, Miezin, M., Steven, E., Petersen, 1995.
Superior parietal cortex activation during spatial attention shifts and visual feature
conjunction. Science 270 (5237), 802-805. https://doi.org/10.1126/
science.270.5237.802.

McClure, Margaret M., Christopher, R.Bowie, Thomas, L., Patterson, Robert K.,
Heaton, Christine, Weaver, Hannah, Anderson, Harvey, Philip D., 2007. Correlations
of functional capacity and neuropsychological performance in older patients with
schizophrenia: evidence for specificity of relationships. Schizophr. Res. 89 (1-3),
330-338. https://doi.org/10.1016/j.schres.2006.07.024.

Meltzer, H., Vostanis, P., Ford, T., Bebbington, P., Dennis, M.S., 2011. Victims of bullying
in childhood and suicide attempts in adulthood. Eur. Psychiatry.: J. Assoc. Eur.
Psychiatr. 26 (8), 498-503. https://doi.org/10.1016/j.eurpsy.2010.11.006.

Menary, Kyle, Paul, F., Collins, James, Porter, N., Muetzel, Elizabeth, Ryan, Olson, A.,
Kumar, Vipin, Steinbach, Michael, Kelvin, O.Lim, Luciana, Monica, 2013.
Associations between cortical thickness and general intelligence in children,
adolescents and young adults. Intelligence 41 (5), 597-606. https://doi.org/
10.1016/j.intell.2013.07.010.

Menken, Miriam, Amal Isaiah, S., Huajun, Liang, Rodriguez Rivera, Pedro, Christine, C.
Cloak, Reeves, Gloria, Nancy, A., Lever, Chang, Linda, 2022. Peer victimization
(bullying) on mental health, behavioral problems, cognition, and academic
performance in preadolescent children in the ABCD study. Front. Psychol. 13,
925727 https://doi.org/10.3389/fpsyg.2022.925727.

Michalski, Lindsay, 2016. Rostral middle frontal gyrus thickness is associated with
perceived stress and depressive symptomatology. Arts Sci. Electron. Theses Diss.
https://doi.org/10.7936/K7BR8QGX.

Sarzosa, Miguel, Sergio Urzda. 2015. “Bullying among Adolescents: The Role of
Cognitive and Non-Cognitive Skills.” Working Paper. Working Paper Series. National
Bureau of Economic Research. https://doi.org/10.3386/w21631.

Muetzel, Ryan L., Rosa, H.Mulder, Lamballais, Sander, Hidalgo, Andrea P.Cortes,
Jansen, Pauline, Giiroglu, Berna, Vernooiji, Meike W., et al., 2019. Frequent bullying
involvement and brain morphology in children. Front. Psychiatry 10 (September),
696. https://doi.org/10.3389/fpsyt.2019.00696.

Niehaus, Claire E., Tara, M., Chaplin, Stefanie, Gongalves, F., Semelsberger, Robin,
Thompson, James C., 2019. Maternal Stress and Adolescent Brain Structure and
Function. In: Brain and Behavior, 9, e01311. https://doi.org/10.1002/brb3.1311.

Nouwens, Suzan, Margriet, A.Groen, Verhoeven, Ludo, 2017. How working memory
relates to children’s reading comprehension: the importance of domain-specificity in
storage and processing. Read. Writ. 30 (1), 105-120. https://doi.org/10.1007/
511145-016-9665-5.

Pan, Lisa, Thomas, M.Zimmer, 2016. Superior parietal volume in adolescents with a
history of trauma. J. Child Adolesc. Behav. 4 (4) https://doi.org/10.4172/2375-
4494.1000303.

Paquin, Chantal, Sylvana, M., Coté, Richard, Tremblay, E., Séguin, Jean R.,

Boivin, Michel, Catherine, M., Herba, 2020. Maternal depressive symptoms and

Developmental Cognitive Neuroscience 61 (2023) 101247

children’s cognitive development: does early childcare and child’s sex matter?
e0227179 PLOS ONE 15 (1). https://doi.org/10.1371/journal.pone.0227179.

Pervanidou, P., Makris, G., Bouzios, 1., Chrousos, G., Roma, E., Chouliaras, G., 2019.
Bullying victimization: associated contextual factors in a greek sample of children
and adolescents. Psychiatr. Psychiatr 30 (3), 216-225. https://doi.org/10.22365/
jpsych.2019.303.216.

Poon, Kean, 2016. Understanding risk-taking behavior in bullies, victims, and bully
victims using cognitive- and emotion-focused approaches. Front. Psychol. 7, 1838.
https://doi.org/10.3389/fpsyg.2016.01838.

Quinlan, Erin, Burke, Edward D., Barker, Qiang, Luo, Tobias, Banaschewski, Arun L.W.,
Bokde, Uli, Bromberg, Christian B.iichel, et al., 2020. Peer victimization and its
impact on adolescent brain development and psychopathology. Mol. Psychiat. 25
(11), 3066-3076. https://doi.org/10.1038/541380-018-0297-9.

Raudenbush, Stephen W., Anthony, S.Bryk, 2002. Hierarchical Linear Models:
Applications and Data Analysis Methods. Sage Publications, Thousand Oaks.

Ritchie, Stuart J., Simon R.Cox, Xueyi Shen, Michael V. Lombardo, Lianne M. Reus, Clara
Alloza, Mathew A. Harris, et al. 2018. “Sex Differences in the Adult Human Brain:
Evidence from 5216 UK Biobank Participants.” Cerebral Cortex (New York, N.Y.:
1991) 28 (8): 2959-75. https://doi.org/10.1093/cercor/bhy109.

Samper-Garcia, Paula, Elisabeth Malonda-Vidal, Anna Llorca-Mestre, Roger Munoz-
Navarro, Vicenta Mestre-Escrivd, 2021. Victimization and peer and parents
attachment: the mediating effect of regulatory emotional self-efficacy. Int. J.
Environ. Res. Public Health 18 (4), 2062. https://doi.org/10.3390/ijerph18042062.

Schechter, Julia, Patricia, C., Brennan, A., Alicia, K., Smith, Zachary, Stowe, N., Jeffrey
Newport, D., Johnson, Katrina C., 2017. Maternal prenatal psychological distress
and preschool cognitive functioning: the protective role of positive parental
engagement. J. Abnorm. Child Psychol. 45 (2), 249-260. https://doi.org/10.1007/
$10802-016-0161-9.

Schnack, Hugo G., Neeltje E.M. van Haren, Rachel M. Brouwer, Alan Evans, Sarah
Durston, Dorret 1. Boomsma, René S. Kahn, Hilleke E. Hulshoff Pol. 2015. “Changes
in Thickness and Surface Area of the Human Cortex and Their Relationship with
Intelligence.” Cerebral Cortex (New York, N.Y.: 1991) 25 (6): 1608-17. https://doi.
org/10.1093/cercor/bht357.

Soares, José Miguel, Sampaio, Adriana, Ferreira, Luis Miguel, Nadine, Correia Santos,
Marques, Paulo, Fernanda, Marques, Palha, Joana Almeida, Cerqueira, Joao José,
Sousa, Nuno, 2013. Stress Impact on Resting State Brain Networks. PLoS ONE 8 (6),
e66500. https://doi.org/10.1371/journal.pone.0066500.

Sowell, Elizabeth R., Bradley S.Peterson, Eric Kan, Roger P. Woods, June Yoshii, Ravi
Bansal, Dongrong Xu, Hongtu Zhu, Paul M.. Thompson, Arthur W.. Toga. 2007. “Sex
Differences in Cortical Thickness Mapped in 176 Healthy Individuals between 7 and
87 Years of Age.” Cerebral Cortex (New York, N.Y.: 1991) 17 (7): 1550-60. https://
doi.org/10.1093/cercor/bhl066.

Sullivan, Gail M., Feinn, Richard, 2012. Using effect size—or why the P value is not
enough. J. Grad. Med. Educ. 4 (3), 279-282. https://doi.org/10.4300/JGME-D-12-
00156.1.

Thompson, Wesley, Deanna, K., Barch, M., James, M., Bjork, Raul Gonzalez, Bonnie, J.,
Nagel, Sara Jo. Nixon, Luciana, Monica, 2019. The structure of cognition in 9 and 10
year-old children and associations with problem behaviors: findings from the ABCD
study’s baseline neurocognitive battery. Dev. Cogn. Neurosci. 36 (April), 100606
https://doi.org/10.1016/j.dcn.2018.12.004.

Varma, Prerna, Moira, Junge, Hailey, Meaklim, Jackson, Melinda L., 2021. Younger
people are more vulnerable to stress, anxiety and depression during COVID-19
pandemic: A global cross-sectional survey. Prog. Neuro-Psychopharmacol. Biol.
Psychiatry 109 (July), 110236. https://doi.org/10.1016/j.pnpbp.2020.110236.

Vogel, Susanne, Schwabe, Lars, 2016. Learning and memory under stress: implications
for the classroom. Npj Sci. Learn. 1 (1), 1-10. https://doi.org/10.1038/
npjscilearn.2016.11.

Wang, K., Chen, Y., Zhang, J., Oudekerk, B.A., 2020. “Indicators Sch. Crime. Saf.: 2019. "
Natl. Cent. Educ. Stat. July 15, 2020. (https://nces.ed.gov/pubsearch/pubsinfo.asp?
pubid=2020063).

Wang, Yanpei, Hao, Lei, Zhang, Yuning, Zuo, Chenyi, Wang, Daoyang, 2019. Entorhinal
cortex volume, thickness, surface area and curvature trajectories over the adult
lifespan. Psychiatry Res.: Neuroimaging 292 (October), 47-53. https://doi.org/
10.1016/j.pscychresns.2019.09.002.

Winkler, Anderson, Peter, M., Kochunov, John Blangero, Almasy, Laura, Karl, Zilles,
Fox, Peter T., Duggirala, Ravindranath, Glahn, David C., 2010. Cortical thickness or
grey matter volume? the importance of selecting the phenotype for imaging genetics
studies. Neurolmage 53 (3), 1135-1146. https://doi.org/10.1016/j.
neuroimage.2009.12.028.

Xu, Jinping, Wang, Jiaojian, Fan, Lingzhong, Li, Hai, Zhang, Wen, Hu, Qingmao,
Jiang, Tianzi, 2015. Tractography-based parcellation of the human middle temporal
gyrus. Sci. Rep. 5 (1), 18883. https://doi.org/10.1038/srep18883.

Yagi, Shunya, Liisa, A.M. Galea, 2019. Sex differences in hippocampal cognition and
neurogenesis. Neuropsychopharmacol.: Off. Publ. Am. Coll. Neuropsychopharmacol.
44 (1), 200-213. https://doi.org/10.1038/541386-018-0208-4.

11


https://doi.org/10.1001/jama.2021.14075
https://CRAN.R-project.org/package=emmeans
https://doi.org/10.1016/j.neuroimage.2016.10.016
https://doi.org/10.1016/j.neuroimage.2016.10.016
https://doi.org/10.1093/cercor/bhw154
https://doi.org/10.1016/j.acap.2017.06.012
https://doi.org/10.1016/j.acap.2017.06.012
https://doi.org/10.1016/j.dcn.2018.02.006
https://doi.org/10.1016/j.dcn.2018.02.006
https://doi.org/10.1023/a:1026595011371
https://doi.org/10.1126/science.270.5237.802
https://doi.org/10.1126/science.270.5237.802
https://doi.org/10.1016/j.schres.2006.07.024
https://doi.org/10.1016/j.eurpsy.2010.11.006
https://doi.org/10.1016/j.intell.2013.07.010
https://doi.org/10.1016/j.intell.2013.07.010
https://doi.org/10.3389/fpsyg.2022.925727
https://doi.org/10.7936/K7BR8QGX
https://doi.org/10.3389/fpsyt.2019.00696
https://doi.org/10.1002/brb3.1311
https://doi.org/10.1007/s11145-016-9665-5
https://doi.org/10.1007/s11145-016-9665-5
https://doi.org/10.4172/2375-4494.1000303
https://doi.org/10.4172/2375-4494.1000303
https://doi.org/10.1371/journal.pone.0227179
https://doi.org/10.22365/jpsych.2019.303.216
https://doi.org/10.22365/jpsych.2019.303.216
https://doi.org/10.3389/fpsyg.2016.01838
https://doi.org/10.1038/s41380-018-0297-9
http://refhub.elsevier.com/S1878-9293(23)00052-X/sbref53
http://refhub.elsevier.com/S1878-9293(23)00052-X/sbref53
https://doi.org/10.3390/ijerph18042062
https://doi.org/10.1007/s10802-016-0161-9
https://doi.org/10.1007/s10802-016-0161-9
https://doi.org/10.1371/journal.pone.0066500
https://doi.org/10.4300/JGME-D-12-00156.1
https://doi.org/10.4300/JGME-D-12-00156.1
https://doi.org/10.1016/j.dcn.2018.12.004
https://doi.org/10.1016/j.pnpbp.2020.110236
https://doi.org/10.1038/npjscilearn.2016.11
https://doi.org/10.1038/npjscilearn.2016.11
https://nces.ed.gov/pubsearch/pubsinfo.asp?pubid=2020063
https://nces.ed.gov/pubsearch/pubsinfo.asp?pubid=2020063
https://doi.org/10.1016/j.pscychresns.2019.09.002
https://doi.org/10.1016/j.pscychresns.2019.09.002
https://doi.org/10.1016/j.neuroimage.2009.12.028
https://doi.org/10.1016/j.neuroimage.2009.12.028
https://doi.org/10.1038/srep18883
https://doi.org/10.1038/s41386-018-0208-4

	Longitudinal alterations in brain morphometry mediated the effects of bullying victimization on cognitive development in pr ...
	1 Introduction
	2 Materials and methods
	2.1 Data source
	2.2 Measures
	2.3 Bullying victimization
	2.4 Cognitive measures
	2.5 Child psychopathology
	2.6 Imaging acquisition and processing
	2.7 Experimental design and statistical analysis

	3 Results
	3.1 Description of participant characteristics
	3.2 Cognitive outcomes of bullying
	3.3 Bullying victimization on subcortical brain volumes
	3.4 Bullying victimization on cortical volume
	3.5 Bullying victimization on cortical surface area
	3.6 Bullying victimization on cortical thickness
	3.7 Sex differences in cognitive and brain measures

	4 Discussion
	4.1 Cognitive outcomes of bullying
	4.2 Larger right hippocampal volumes associated with ongoing bullying
	4.3 Larger cortical volume in children with ongoing bullying victimization
	4.4 Larger cortical surface area in children with ongoing bullying victimization
	4.5 Thinner cortices in children with ongoing bullying
	4.6 Sex differences in cognitive and brain measures
	4.7 Magnitude of bullying effects
	4.8 Limitations

	5 Conclusions
	Additional contributions
	Funding
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Data Availability
	Appendix A Supporting information
	References


