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1  Introduction
Aggression is common in youth and poses a significant burden on both the individual 
and society [1, 2]. Consistent aggressive behavior in adolescence is associated with 
an increased probability for low socioeconomic status and unemployment, violence, 
social isolation, and criminal behavior in adulthood [3]. In addition, the surrounding 
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Abstract
Aggression is expressed across psychiatric diagnoses. Literature displays associations 
between aggression and grey matter volume (GMV) in frontal, limbic, and striatal 
areas. Aggression is commonly assessed using self-report. Real-time aggressive 
incidents may provide a distinctive representation of the neural correlates of 
aggression. Structural MRI data were collected from 185 youth: 97 (32F/65 M) 
in the aggression group (AG) [mean age: 16.22 (SD = 1.10)] and 88 (36F/52 M) in 
the non-aggressive group (NG) [mean age: 16.29 (SD = 1.31)]. Data were acquired 
through the Boys Town National Database. Youth were included in AG if they had 
at least one aggressive incident within the first three months of residential care at 
Boys Town. FreeSurfer was used to estimate region-specific volumetric parameters 
following whole brain parcellation into 68 cortical and 14 sub-cortical regions. A 
multivariate analysis of covariance (MANCOVA) was conducted on pre-hypothesized 
bilateral brain regions of interest (ROIs) [i.e., middle frontal cortex, orbitofrontal 
cortex (OFC), anterior cingulate cortex (ACC), pericalcarine, insula, amygdala, and 
striatum], including age and intracranial volume as covariates. Our MANCOVA 
showed significant differences in GMV [F(24,158) = 1.61, p ≤ 0.05]. AG showed lower 
GMV relative to NG in left lateral OFC [F(1,183) = 4.54, p ≤ 0.05], bilateral caudal 
ACC [F(1,183) = 5.21–6.37, ps ≤ 0.05], bilateral rostral ACC [F(1,183) = 3.80–5.54, ps ≤ 
0.05], and bilateral caudate [F(1,183) = 4.60–5.61, ps < 0.05]. Remaining ROIs had no 
significant differences in GMV. Our results provide insight regarding the structural 
brain biomarkers of real-time aggression in youth. These findings provide consistent 
evidence for region-specific structural alterations in the adolescent brain that may aid 
in clinical applications across diagnoses.
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environment of aggressive individuals is negatively affected by factors such as increased 
expenses and impaired daily functioning among caregivers [4]. These factors are likely 
to escalate as age increases, possibly leading to much higher costs and criminal behavior 
[4]. Aggression is a trans-diagnostic symptom and is expressed across various psychopa-
thologies [1, 2]. To better understand the relationship between aggressive behavior and 
its corresponding neural biomarkers, neuroimaging can be a useful tool. The combina-
tion of information on underlying psychiatric diagnoses paired with brain biomarkers of 
aggression may aid in developing individualized treatment strategies [2]. Furthermore, 
the goal of the current study is to examine real-time aggression, collected through staff 
observations, as opposed to self-reported aggression. This approach is unique in that it 
has seldom been explored in previous neuroimaging literature.

A number of studies have examined associations between aggression and brain struc-
ture [5–11]. Prior work suggests that higher levels of aggression are associated with 
structural alterations in cortical regions [5, 10, 12, 13]. For instance, reduced grey matter 
volume (GMV) within the middle frontal cortex (MFC) and prefrontal regions have been 
discovered in adults and adolescents who self-report aggression [12, 14–16]. Similarly, 
the anterior cingulate cortex (ACC) has continually been identified as a region that may 
play a part in aggressive behavior. Specifically, high aggression scores were associated 
with cortical thinning of ACC in children and adolescents [13, 17]. In addition, nega-
tive associations have been found between dorsal ACC GMV and aggression in children, 
adolescents, and young adults [5, 7]. Another study found cortical thinning in visual 
regions (e.g., pericalcarine) in individuals who experienced repeated assaultive trauma 
and showed higher physical aggression [10, 18]. With respect to the insula, decreases 
in GMV are prevalent throughout aggression literature [8, 9]. Specifically, negative rela-
tionships have been found between aggression subtypes and insular volume in adults 
and adolescents [12, 19].

Prior work has also identified reduced GMV associated with higher levels of aggres-
sion in subcortical regions [17, 20, 21]. Particularly, there are a substantial number of 
studies linking GMV alterations with limbic brain areas including the amygdala [19, 20, 
22, 23]. For example, lower amygdala volume in men has been associated with higher 
levels of aggression and psychopathic features across the lifespan [20]. In addition, stria-
tal GMV alterations associated with aggression are prevalent throughout literature, how-
ever, directionality of these relationships have shown somewhat mixed results [17, 24]

There have been structural inconsistencies throughout the literature in striatal regions 
including the caudate, nucleus accumbens, and putamen, regarding aggression [13, 17]. 
While some studies indicate positive correlations with caudate volume [13, 17], others 
indicate the opposite [6, 21, 24, 25]. Likewise, in adults, aggression has been associated 
with GMV decreases and cortical thinning of the orbitofrontal cortex (OFC) [11, 18], 
though increases in the OFC GMV have also been found to be associated with higher 
levels of aggression in adolescents [13, 26].

To date, most neuroimaging studies assess aggression using either a self-report or a 
parent/teacher-report questionnaire [7, 9, 11, 13, 17, 27]. These questionnaires focus 
on evaluating specific disorders and their respective subtypes. Although self-report is a 
widely used method to collect data, there is always room for skewed responses based on 
variables such as time constraints and motivational decline [28–30]. Assessing aggres-
sive behavior based on incidents in real time may provide a more expansive view of 
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aggression that is not self-biased [31] and may provide insight into the neural correlates 
of aggression that cannot be captured by self-report alone [32]. To address issues such 
as motivational decline and time constraints, the current study will utilize real-time 
data collection methods, differentiating it from previous neuroimaging studies assessing 
aggression using self-report.

The present study looks at volumetric group differences between non-aggressive and 
aggressive adolescents. Behavioral data were collected through real-time observation, 
reporting on adolescents who exhibit verbal aggression, physical aggression, property 
damage, physical assault on adult, and/or physical assault on other youth. These obser-
vations were collected over the span of three months. Based on prior published/cited 
work on aggression, we hypothesized that lower GMV within the MFC, OFC, ACC, 
pericalcarine, insula, amygdala, and striatum would be observed in adolescents with 
aggressive behavior compared to non-aggressive adolescents. This study was not prereg-
istered. The analyses were conducted on data that had already been collected prior to the 
development of specific hypotheses and analytic plans. We recognize the importance of 
preregistration in promoting transparency and scientific rigor, and we are committed to 
incorporating preregistration practices in our future prospective research.

2  Methods
2.1  Participants

Of the 185 participants included in this study 97 youth (32F/65 M) were in the aggres-
sion group (AG) [mean age: 16.22 (SD = 1.10), mean IQ: 97.67 (SD = 12.33)] and 88 youth 
(36F/52  M) in the non-aggressive group (NG) [mean age: 16.29 (SD = 1.31), mean IQ: 
99.70 (SD = 12.14)]. Youth were included in AG if they had at least one reported aggres-
sive incident across the first three months of residential treatment on Boys Town cam-
pus [33]. All participants were recruited from a residential treatment facility, referred for 
behavioral and/or mental health issues. Exclusion criteria for these participants included 
active substance dependence, Tourette’s syndrome, neurological disorders, claustro-
phobia, pervasive developmental disorders, head trauma, lifetime history of psychosis, 
braces, presence of active safety concerns, non-English speaking, and an IQ < 75 [33, 
34]. Psychiatric diagnoses were obtained through detailed clinical interviews conducted 
by an on-site licensed and board-certified child psychiatrist from Boys Town National 
Research Hospital (BTNRH) [33, 34]. Clinical interviews were conducted with the ado-
lescents, as well as with their legal guardian. Official Institutional Review Board approval 
at BTNRH was obtained before all data collection. Additionally, each adolescent and 
parent/legal guardian provided written informed assent/consent prior to participating 
[33, 34].

2.2  Data collection

2.2.1  Neuroanatomical data

High-resolution structural MRI data (T1-weighted) were obtained at BTNRH using 
a 3  T Siemens MRI scanner. A 3D magnetization-prepared rapid acquisition gradient 
echo (MPRAGE) sequence, consisting of 176 axial slices (slice thickness = 1 mm, voxel 
resolution = 0.9 × 0.9 × 1 mm3, repetition time = 2200  ms; echo time = 2.48  ms; matrix 
size = 256 × 208; field of view (FOV) = 230  mm, and flip angle = 8º), was acquired for 
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whole-brain anatomical data. Participant head movement in the scanner was reduced 
to a minimum through close monitoring and instruction from research assistants [34].

2.2.2  General intelligence (IQ)

All estimates of the IQ were derived from the Wechsler Abbreviated Scale of Intelligence 
II (WASI-II) [35]. IQ was estimated from the matrix reasoning and verbal comprehen-
sion subtests. The combined matrix reasoning and verbal comprehension T-scores were 
used to calculate the Full-Scale IQ (FSIQ). FSIQ scores have previously been found to 
be strongly correlated (r = 0.92) with scores on the full Wechsler Adult Intelligence Scale 
(WAIS)-III and highly reliable (α = 0.98) [36, 37].

2.2.3  Real-time aggression data

Aggression data were obtained from the Boys Town National Database [38] which con-
sisted of a report of serious aggressive incidents. These data were collected daily based 
on staff observations, reported to a program supervisor, and documented within 24 h. 
Incident reports made by staff members included five aggression codes: verbal aggres-
sion, physical aggression, property damage, physical assault on adult, and physical 
assault on youth [33]. Each code had specific criteria, adhering to the training manual. 
The codes are as follows [38]:

Verbal Aggression “Program participant engages in verbally threatening, harassing, 
and/or aggressive behavior towards another person(s) with an attempt to intimidate. 
Behaviors could include threatening stares, body movements, gestures, swearing aggres-
sively, etc. (This does not include complaining or teasing, unless it is coupled with other 
threatening comments or gestures and intimidation occurs).”

Physical Aggression: “Program participant engages in physically aggressive behaviors 
such as throwing objects, slamming doors, overturning furniture, or slamming fists. 
There is an attempt at intimidation, but there is no physical contact between people. 
This code should not be used for physical assault unless the above behaviors were also 
displayed.”

Property Damage:
 “Program participant has damaged property intentionally.”
Physical Assault on Adult: “Program participant assaults a staff member or other 

adult. Injury may or may not have resulted, but intentional aggressive physical contact 
occurred (e.g., biting, choking, jumping on, kicking, punching, scratching, pushing, spit-
ting at).”

Physical Assault on Youth: “Program participant assaults a youth. Injury may or may 
not have resulted, but intentional aggressive physical contact occurred (e.g. biting, chok-
ing, jumping on, kicking, punching, scratching, pushing, spitting at).”

Along with incident details, reports included the date and time of the incident. The 
total number of aggressive incidents within the first three months of program placement 
was collected and calculated towards the participant’s aggression level.

2.3  Image preprocessing

To estimate volumetric parameters and process anatomical brain images, the “recon-all” 
pipeline from the FreeSurfer (RRID:SCR_001847) toolbox (Version 6.0; ​h​t​t​p​s​:​/​/​s​u​r​f​e​r​.​n​
m​r​.​m​g​h​.​h​a​r​v​a​r​d​.​e​d​u​​​​​) was used [39, 40]. The structural image processing steps included 

https://surfer.nmr.mgh.harvard.edu
https://surfer.nmr.mgh.harvard.edu
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head motion-correction, brain extraction, automated transformation to the standard 
MINI template space, volumetric segmentation into cortical and sub-cortical matter, 
intensity correction, and parcellation of the cerebral cortex into gyral and sulcal matter 
[41]. For full details, see [39, 40, 42]. Standard quality control steps were performed in 
FreeSurfer (RRID:SCR_001847) to ensure accuracy. This included head motion correc-
tion, normalization, and skull stripping [43]. Surface boundaries on the white and grey 
matter interface and the edge of the grey matter (pial surface) were generated, where 
surface estimation defects were automatically refined. Each of these steps was completed 
using FreeSurfer’s (RRID:SCR_001847) “recon-all” pipeline [39, 40]. It is important to 
note that although head motion is not explicitly corrected for as a covariate in our analy-
ses, “recon-all” preprocessing steps are robust to motion including robust registration 
and skull stripping using mri_robust_register, which is designed to be tolerant to motion 
artifacts in T1-weighted images [44]. In addition, brain extraction (skullstrip) has adap-
tive techniques that fail under high motion [45]. Lastly, visual quality control steps to 
rate motion artifacts [45] were conducted, where the subset of 185 participants that 
were included in the current study (out of 616 total participants), passed.

Additional quality control measures adhered to the ENIGMA (RRID:SCR_005515) 
cortical surface segmentations protocol (for full details and scripts, ​h​t​t​p​:​/​/​e​n​i​g​m​a​.​u​s​c​.​e​
d​u​/​​​​​)​. This protocol includes the detection of outliers, plotting cortical surface segmenta-
tions, and checking external views of segmentations via different angles. If subjects had 
structural outliers, they were inspected for segmentation issues prior to moving forward 
with the protocol. To ensure that all lobes were present and that labeling was correct, 
surface reconstructions were checked. Subjects were rated as either “pass” (no issues 
with QC), “moderate” (failure of some regions), or “fail” (severe concerns) (all steps 
developed by the ENIGMA consortium [RRID:SCR_005515]) [46].

2.4  Data analysis

2.4.1  Demographics characteristics and covariates

Group differences for age, IQ, and intracranial volume (ICV) were examined through 
independent sample t-tests, and those for sex, medication status, and psychiatric diag-
noses were examined via x2 test. See Table 1 for more details.

2.4.2  Aggression group

The two groups of participants included AG with an aggression mean greater than zero, 
and NG with an aggression mean of zero. Their aggression mean was derived from their 
total number of aggressive incidents across all five incident categories within the first 
three months of treatment. For descriptive information on each incident category, mean 
and standard deviation of each category was calculated. For more detailed insight into 
the composition of AG, we calculated the percentage of participants within AG that had 
more than one aggressive incident. Self-reported aggression scores from the Reactive-
Proactive Aggression Questionnaire (RPQ) were available for 144 of the 185 adolescents 
in the current study, which reflected pre-admission aggression levels, as it was adminis-
tered shortly after admission to Boys Town. To evaluate the validity of our group classifi-
cations, we conducted a Pearson’s correlation between RPQ total scores, and continuous 
real-time aggression means.

http://enigma.usc.edu/
http://enigma.usc.edu/
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2.4.3  Region-specific group differences in GMV

The pipelines aparc.annot and mri_segstats in FreeSurfer (RRID:SCR_001847) were 
used to estimate region-specific volume parameters. FreeSurfer (RRID:SCR_001847) 
was used to parcellate the whole brain into 68 (34R/34L) cortical [41], and 14 (7R/7L) 
sub-cortical [47] regions using the Desikan-Killiany atlas [41] for cortical regions and 
the FreeSurfer default subcortical automated segmentation [47] for subcortical regions. 
The ROIs used in the analyses included bilateral MFC, OFC, ACC, pericalcarine, insula, 
amygdala, and striatum (caudate, nucleus accumbens, putamen). Region-specific volu-
metric parameters were compared between AG and NG using multivariate analysis of 
covariance (MANCOVA). Age and ICV were used as covariates in all analyses [48]. A 
threshold of p ≤ 0.05 was used to interpret region-specific differences in GMV. Mul-
tiple comparison correction was not included in the current study. With respect to our 
exploratory analyses of the individual regions (Table 2), it is advised that they are taken 
with caution, as they would not survive Bonferroni multiple comparison testing.

2.5  Follow-up analysis

2.5.1  Potential confounds

Several participants were on various categories of psychiatric medications including 
antipsychotics (N = 17), stimulants (N = 40), and Selective Serotonin Reuptake Inhibitors 
(SSRIs) (N = 31). See Table 1 for all details regarding medications including prevalence 
rates and significant levels between groups. Although there were no differences between 
groups on medications, to account for any potential confounds, a follow-up MANCOVA 
was performed, including the psychiatric medications mentioned above as covariates, 
maintaining age and ICV as covariates. As described in Sect. 2.4.3, multiple comparison 
correction was not applied for our exploratory analyses of the contributory role of indi-
vidual regions to the MANCOVA group effect and therefore it is advised that significant 
regions reported in Table 3 are to be taken with caution.

Table 1  Demographic Characteristics
Characteristics AG (N = 97) NG (N = 88) p-value (Chi-squared/two-sample t-test)
Sex (F/M) 32/65 36/52 0.27
Mean Age (SD) 16.22 (1.10) 16.29 (1.31) 0.69
Mean IQ (SD) 97.67 (12.33) 99.70 (12.14) 0.26
ICV (× 106) in mm3 (SD) 1.51 (0.15) 1.50 (0.15) 0.69
Psychiatric Disorders (N)
MDD (%) 12 (12.37) 12 (13.64) 0.80
SAD (%) 20 (20.62) 25 (28.41) 0.22
GAD (%) 24 (24.74) 25 (28.41) 0.57
PTSD (%) 18 (18.56) 10 (11.36) 0.17
CD (%) 65 (67.01) 57 (64.77) 0.75
ADHD (%) 70 (72.16) 65 (73.86) 0.80
ODD (%) 76 (78.35) 64 (72.73) 0.37
Medications (N)
Antipsychotic (%) 10 (10.31) 7 (7.95) 0.58
Stimulants (%) 24 (24.74) 16 (18.18) 0.28
SSRIs (%) 15 (15.46) 16 (18.18) 0.62
AG = Aggression Group; NG = Non-Aggressive Group; SD = Standard Deviation; IQ = Intelligent Quotient; ICV = Intracranial 
Volume; MDD = Major Depressive Disorder; SAD = Social Anxiety Disorder; GAD = Generalized Anxiety Disorder; PTSD = Post-
Traumatic Stress Disorder; CD = Conduct Disorder; ADHD = Attention-Deficit/Hyperactivity Disorder; ODD = Oppositional 
Defiant Disorder; SSRIs = Selective Serotonin Reuptake Inhibitors
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3  Results
3.1  Demographic characteristics and covariates

There were no significant differences in sex (X2 = 1.25, p = 0.27), age [t(170) = -0.40, 
p = 0.69], IQ [t(183) = −1.13, p = 0.26] or ICV [t(183) = 0.41, p = 0.69] (Table 1).

3.2  Aggression scores

Mean and standard deviation of each aggression incident category are as follows, verbal 
aggression [Mean = 2.73 (SD = 3.42)], physical aggression [Mean = 0.92 (SD = 1.29)], prop-
erty damage [Mean = 0.15 (SD = 0.36)], physical assault on adult [Mean = 0.02 (SD = 0.14)], 
physical assault on youth [Mean = 0.44 (SD = 0.79)]. Out of the 97 participants in AG, 

Table 2  Differences in Grey Matter Volume (GMV): Aggressive Adolescents vs. Non-Aggressive 
Adolescents
MANCOVA for GMV (covariates: age & ICV)
Regions p-value F-value Effect Size: pη2

LH RH LH RH LH RH
Lateral Orbitofrontal Cortex 0.03** 0.06* 4.54 3.67 0.02 0.02
Medial Orbitofrontal Cortex 0.85 0.84 0.04 0.04 0.00 0.00
Rostral Middle Frontal Cortex 0.10 0.44 2.75 0.59 0.02 0.00
Caudal Middle Frontal Cortex 0.67 0.09 0.19 2.91 0.00 0.02
Rostral Anterior Cingulate 0.05** 0.02** 3.80 5.54 0.02 0.03
Caudal Anterior Cingulate 0.02** 0.01** 5.21 6.37 0.03 0.03
Pericalcarine 0.44 0.49 0.59 0.48 0.00 0.00
Insula 0.77 0.53 0.09 0.40 0.00 0.00
Amygdala 0.54 0.34 0.38 0.93 0.00 0.01
Caudate 0.02** 0.03** 5.61 4.60 0.03 0.03
Nucleus Accumbens 0.89 0.95 0.02 0.00 0.00 0.00
Putamen 0.66 0.74 0.20 0.11 0.00 0.00
MANCOVA = Multivariate Analysis of Covariance; ICV = intracranial volume; LH/RH = Left/Right Hemisphere
**p≤ 0.05 (aggressive adolescents < non-aggressive adolescents)
*Regions approaching significance

Table 3  Medication Effects Follow-up Analysis
MANCOVA for GMV (covariates: age, ICV, antipsychotics, stimulants, SSRIs)
Regions p-values F-value Effect Size: pη2

LH RH LH RH LH RH
Lateral Orbitofrontal Cortex 0.03** 0.06* 4.80 3.69 0.03 0.02
Medial Orbitofrontal Cortex 0.75 0.70 0.11 0.15 0.00 0.00
Rostral Middle Frontal Cortex 0.09 0.42 2.89 0.66 0.02 0.00
Caudal Middle Frontal Cortex 0.63 0.13 0.23 2.37 0.00 0.01
Rostral Anterior Cingulate 0.06* 0.02** 3.52 5.25 0.02 0.03
Caudal Anterior Cingulate 0.02** 0.01** 5.48 6.70 0.03 0.04
Pericalcarine 0.35 0.54 0.88 0.38 0.01 0.00
Insula 0.76 0.52 0.10 0.42 0.00 0.00
Amygdala 0.45 0.25 0.58 1.34 0.00 0.01
Caudate 0.02** 0.03** 5.37 4.56 0.03 0.03
Nucleus Accumbens 0.92 0.92 0.01 0.01 0.00 0.00
Putamen 0.52 0.63 0.41 0.23 0.00 0.00
MANCOVA = Multivariate Analysis of Covariance; ICV = intracranial volume; SSRIs = Selective Serotonin Reuptake

Inhibitors; LH/RH, Left/Right Hemisphere
**p≤ 0.05 (aggressive adolescents < non-aggressive adolescents)
*Regions approaching significance
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62 of them exhibited more than one aggressive incident (63.92%). Our Pearson correla-
tion revealed a significant positive association between RPQ total scores, and real-time 
aggression mean scores (r = 0.25, p = 0.003).

3.3  Region-specific group differences in GMV

Our MANCOVA showed significant volumetric group differences [F(24,158) = 1.61, 
p = 0.05]. Specifically, at p ≤ 0.05, there were significant volumetric differences in the left 
lateral OFC [F(1,183) = 4.54, p = 0.03], left caudal ACC [F(1,183) = 5.21, p = 0.02], right 
caudal ACC [F(1,183) = 6.37, p = 0.01], left rostral ACC [F(1,183) = 3.80, p = 0.05], right 
rostral ACC [F(1,183) = 5.54, p = 0.02], left caudate [F(1,183) = 5.61, p = 0.02], and right 
caudate [F(1,183) = 4.60, p = 0.03] where lower GMV was observed in adolescents in AG 
(see Fig. 1). For full details including effect sizes and results approaching significance, see 
Table 2.

Fig. 1  Region-Specific Differences in Grey Matter Volume (GMV) Grey matter volume (GMV) of the bilateral rostral 
(dark purple; a) and caudal (light purple; a) anterior cingulate cortex (ACC), left lateral orbitofrontal cortex (OFC) 
(green; b), and bilateral caudate (pink; c) was significantly different between adolescents who were aggressive and 
adolescents who were not aggressive (aggressive adolescents < non-aggressive adolescents). GMV of the right 
lateral OFC (green; b) was approaching significance where lower GMV was observed in adolescents who were 
aggressive (aggressive adolescents < non-aggressive adolescents), figure created using FreeSurfer (RRID:SCR_001847)
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3.4  Follow-up findings

Our follow-up MANCOVA using the three psychiatric medications as covariates (anti-
psychotics, stimulants, and SSRIs) sustained the significant results found in the main 
analysis [F(24,155) = 1.60, p = 0.05]. For full details see Table 3.

4  Discussion
The aim of this study was to assess morphometric alterations in GMV of pre-defined 
ROIs (MFC, OFC, ACC, pericalcarine, insula, amygdala, and striatum) in adolescents 
exhibiting aggression compared with non-aggressive adolescents. We found that GMV 
of the left lateral OFC, bilateral caudal ACC, bilateral rostral ACC, and bilateral caudate 
was significantly lower in adolescents exhibiting aggression as compared to non-aggres-
sive adolescents. Additionally, GMV of the right lateral OFC approached significance, 
where adolescents exhibiting aggression had lower GMV compared with non-aggressive 
adolescents. We did not see any significant GMV differences in the MFC, pericalcarine, 
insula, amygdala, nucleus accumbens, or putamen.

Our current findings of lower GMV in orbitofrontal, cingulate, and striatal regions 
regarding aggression are highly supported in the literature [6, 7, 11, 17, 18, 24]. As 
these regions are commonly reported to be interconnected both structurally [49–51] 
and functionally [52–54], we believe that lower GMV in these areas may contribute to 
shared developmental issues. Evidence suggests that behavioral manifestations are likely 
the result of interactions across multiple white matter tracts, rather than a single brain 
region [55]. Furthermore, although white matter integrity was not assessed in the cur-
rent study, it is important to note that individual differences within white matter tracts 
provide insight into factors that may play a role in a variety of cognitive processes, such 
as decision making [56–58].

Cortico-striatal connections are commonly reported throughout the literature, includ-
ing structural connections projecting from the OFC and ACC terminating in the caudate 
nucleus [49, 50]. Functional connectivity has also been detected within cortico-striatal 
regions, often associated with decision-making [59, 60]. In the current study we saw 
lower GMV in cortical regions (i.e., ACC, OFC) as well as striatal regions (i.e., caudate). 
In addition, the OFC, ACC, and caudate have all been implicated in decision-making 
processes [61–63]. Therefore, we believe GMV deficits in the current regions could be 
representative of decision-making abnormalities in the population studied.

Four caveats should be considered within the current study. The first being that we did 
not have data regarding potential prenatal substance exposures, or whether youth were 
raised by their biological families, which may impact the specificity and generalizability 
of the results, as this heterogeneity could potentially have led to neurodevelopmental or 
behavioral outcomes [64, 65]. In addition, several of our participants were prescribed 
psychiatric medications including SSRIs, antipsychotics, and stimulants. However, the 
rate of psychiatric medication usage was not significantly different between groups (see 
Table 1). Furthermore, our follow-up MANCOVA included SSRIs, antipsychotics, and 
stimulants as covariates, and our results strongly resembled those of our main analysis. 
Therefore, our results were not driven by medication use.

The second caveat is that the adolescents included in this study received residential 
treatment in the Boys Town Residential Treatment Center. However, all data were col-
lected shortly after their arrival to the Boys Town campus (within 3  months) and all 
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participants across the two groups received treatment. Therefore, it is unlikely that 
treatment played a significant role in structural variance or the suppression of aggres-
sive behaviors. We did not have access to detailed historical or antecedent data on 
aggressive incidents prior to residential admission, therefore we cannot say for sure if 
adolescents in NG were temporarily suppressing aggressive behaviors during the three 
months that aggressive incidents were measured. However, we do feel confident that 
aggressive behavior was not temporarily suppressed for the following three reasons: 
(1) We observed a significant positive association between real time aggression and 
self-reported pre-admission aggression levels. (2) The standard of care at Boys Town’s 
Residential Treatment Center typically includes extensive referral paperwork including 
medical records detailing prior visits to psychiatrists, pediatricians, psychotherapists, 
etc., which is reviewed prior to admission to ensure that the patient will benefit from 
residential care. Although we do not have access to these data in our current study, we 
do believe this extensive review of antecedent medical record data provides justifica-
tion that the behaviors that our participants were presenting with, including aggressive 
behaviors, were likely present prior to admission to residential treatment. (3) Admission 
into residential treatment, where there are high rates of disruptive behavior disorders, 
would assume that the youth are exhibiting one or more conditions severely enough that 
no lower level of care was appropriate and all outpatient interventions had failed, there-
fore suppression of aggressive behavior is unlikely.

Another notable caveat is the limitation to FreeSurfer’s precision in automated seg-
mentation. Inaccuracies have particularly been noted in small subregions [66, 67], 
including the amygdala and cingulate gyrus [67–71], both regions included within the 
ROIs of the current study. Specifically, prior work has noted that the Desikan-Killiany 
atlas [41] often mistakenly labels the anterior mid-cingulate cortex (aMCC) as the caudal 
ACC [67]. Therefore, caution is warranted in the over-interpretation of findings localized 
to regions such as the pACC, aMCC, and medial temporal lobe, as the Desikan-Killiany 
atlas [41] may not align seamlessly with cytoarchitectonic definitions [67]. Therefore, we 
recommend that future studies utilize multi-modal imaging or atlas refinement tech-
niques (e.g., ex vivo-informed atlases or ultra-high-resolution MRI) when higher ana-
tomical precision is required, especially in smaller subregions.

Lastly, the current MANCOVA results indicate that there were group differences 
across the regions studied. However, we did not correct for multiple comparisons on 
our follow-up analyses examining the contributory role of our hypothesized individual 
regions. The results indicated that individual regions showed group differences but not 
to a strength that would survive multiple comparison correction. As such, the individual 
region results should be treated with caution.

In conclusion, this study is one of very few analyzing region-specific structural dif-
ferences reflective of real-time aggressive episodes rather than data acquired through 
a questionnaire format. In line with previous work, we found negative relationships 
between aggression and GMV of the left lateral OFC, bilateral caudal ACC, bilateral 
rostral ACC, and bilateral caudate. In addition, we found marginal negative relation-
ships between aggression and GMV in the right lateral OFC. Our results provide insight 
regarding the structural brain biomarkers of real-time aggression. Based on our find-
ing of lower GMV in regions supporting decision making including the ACC, OFC, and 
caudate, we believe our results may reflect discrepancies in higher decision-making 
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processes. This is important because it may aid clinicians in identifying a target behavior 
when developing treatment plans designed to reduce aggressive behaviors.
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