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ARTICLE INFO ABSTRACT

Keywords: A significant number of veterans experience irritability and aggression symptoms as a result of being exposed to
Aggression extremely stressful and life-threatening situations. In addition to the well-established involvement of the brain’s
Cerebellum

cortico-subcortical circuit in aggression-related behaviours, a role of the deep cerebellar nuclei (DCN) in reactive
aggression has been suggested. In the present study, seed-based resting-state functional connectivity between the
DCN and cortico-subcortical areas was explored in veterans with and without reactive aggression symptoms.
Nineteen male veterans with reactive aggression symptoms and twenty-two control veterans without reactive
aggression symptoms underwent 3T resting-state functional MRI scans. Region-of-interest (ROI) analyses that
included the amygdala, hypothalamus and periaqueductal grey as ROIs did not yield significant group-related
differences in resting-state functional connectivity with the DCN. However, exploratory whole-brain analysis
showed that veterans with reactive aggression symptoms exhibited lower functional connectivity between the
DCN and the orbitofrontal cortex compared to control veterans. Our findings provide preliminary evidence for

Deep cerebellar nuclei
Orbitofrontal cortex
Resting state fMRI
Veterans

the possible involvement of a cerebello-prefrontal pathway in reactive aggression in male veterans.

1. Introduction

A significant proportion of veterans exhibit high levels of irritability
and reactive aggression symptoms following their deployment (Mac-
Manus et al., 2015; Orth and Wieland, 2006; Reijnen et al., 2015).
Reduced impulse control and increased anger in veterans have been
suggested to result at least in part from trauma-related experiences
(Miles et al., 2017; Siever, 2008). Neuroscientific research points to-
wards the involvement of several cortical and subcortical regions in
impulse control and expressions of aggressive behaviour during situa-
tions of threat, frustration and provocation including, most notably, the
prefrontal cortex (PFC), hypothalamus, amygdala and periaqueductal
grey (PAG) (Davidson et al., 2000; Lischinsky and Lin, 2020). The
amygdala, hypothalamus and PAG work together to detect threats
(Ohman, 2005), integrate sensory and spatial information and to guide
social behaviour (Krzywkowski et al., 2020) through (defensive) re-
sponses (Esteban Masferrer et al., 2020; Panksepp and Biven, 2012).
Specifically, responsivity to threat (e.g., freeze vs. escape) has been
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shown to be regulated by the basolateral nucleus of the amygdala via the
central amygdala (Terburg et al., 2018). In addition, the basolateral and
centromedial nuclei of the human amygdala are associated with sensory
input processing and response preparation. The superficial nuclei which
are located adjacent to the basolateral nuclei of the amygdala have been
linked to the processing of olfactory, social and reward cues (Bzdok
et al., 2013). Interestingly, evidence has been provided that veterans
with reactive aggression symptoms exhibit lower functional
PFC-amygdala connectivity as compared to veterans without symptoms
of reactive aggression (Varkevisser et al., 2017). Heightened subcortical
stress reactivity to threat, in conjunction with reduced cortical regula-
tory mechanisms, has been suggested as one of the possible mechanisms
underlying aggressive behaviour (Lischinsky and Lin, 2020; Siever,
2008).

In addition to the (sub)cortical structures, the often-overlooked
cerebellum is increasingly linked to aggression (Kruithof et al., 2022).
The first empirical observations date back to the second half of the
previous century when researchers showed that electric stimulation of
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the deep cerebellar nuclei (DCN) in cats induced sham rage, predatory
attacks and autonomic responses (Reis et al., 1973; Zanchetti and Zoc-
colini, 1954). The DCN are a collection of nuclei that are responsible for
the main cerebellar output (Habas et al., 2016). In addition to the
reciprocal connections between the DCN and the inferior olive, the DCN
relay the input signals from the cerebellar cortex to limbic and
thalamo-cortical regions that form closed loops through the pontine
nuclei (Allen and Tsukahara, 1974). In line with previous observations
in psychiatric patients displaying fewer aggressive acts during subdural
electric stimulation of the medial cerebellar cortex (Heath, 1977; Heath
et al., 1980), DCN activity is thought to be inhibited by the medial
cerebellum or "vermis’ (Jackman et al., 2020). More recently, an opto-
genetic study in mice demonstrated that inactivation of the cerebellar
vermis increased aggressive behaviour during threat, while lower
threat-related aggression was seen when neural activity of this region
was artificially increased (Jackman et al., 2020). Furthermore, these
intracranial stimulation studies concur with findings of neuropsycho-
logical studies in humans which show that cerebellar damage can cause
blunting of affect, reductions in impulse control, executive dysfunctions
and notable increases of aggressive behaviour (Levisohn et al., 2000;
Schmahmann and Sherman, 1998; Tessier et al., 2015; Tonna et al.,
2014). In non-human primates, however, lesions in the cerebellar vermis
can have a taming effect on aggressive behaviour (Berman et al., 1974).
Recent structural and task-based functional magnetic resonance imaging
(fMRI) findings in humans have complemented the proposed relation
between the cerebellum and aggression (Klaus and Schutter, 2021;
Wolfs et al., 2022).

To further examine the intrinsic functional connections of the cere-
bellum, resting-state fMRI can be used (van den Heuvel and Hulshoff
Pol, 2010). While the use of resting-state fMRI to study cerebellar
functional connectivity in aggression is still scarce, there is some evi-
dence that suggests that abnormal (sub)cortico-cerebellar connectivity
patterns are associated with impulse control and aggression (Leutgeb
et al., 2016). In a more recent study, functional connectivity with the
supplementary motor area (SMA), hippocampus and orbitofrontal cor-
tex (OFC) as seed regions was examined in patients with Tourette dis-
order (TD) suffering from rage attacks (Atkinson-Clement et al., 2020).
Rage attacks are characterised by sudden outbursts of verbal or physical
aggression and are a common condition in patients with motor- and
vocal-related tics (Conte et al., 2020). The functional connectivity ana-
lyses showed that TD patients with rage attacks as compared to TD pa-
tients without rage attacks displayed reduced connectivity between the
OFC and lateral cerebellum and between the hippocampus and cere-
bellar vermis (Atkinson-Clement et al., 2020). Aberrant cerebellar
resting-state connectivity is suggested to be part of a dysfunctional
neural network involved in arousal, context updating, impulse control
and behavioural flexibility (Atkinson-Clement et al., 2020; Klaus and
Schutter, 2021). In the cerebellar cortex, the posterior cerebellum is
associated with the functional networks underlying these affective and
cognitive functions, such as the salience network and default mode
network (Buckner et al., 2011; Habas, 2021; Habas et al., 2009; Marek
and Greene, 2021), whereas the anterior cerebellum is generally linked
to the sensorimotor network (Schmahmann, 2019). The DCN, being the
main target inputs of the cerebellar cortex as well as the main output
regions of the cerebellum to extracerebellar regions, are functionally
connected to the salience, default mode and sensorimotor networks
(Guell et al., 2019; Habas et al., 2009). More specifically, an increased
tendency to approach goals and rewards was associated with decreased
connectivity between the cerebellum and cortical regions of the salience
network (i.e., dorsolateral prefrontal cortex, superior frontal cortex,
fronto-polar cortex, and intraparietal cortex) (Abdallah et al., 2020).
Decreased cerebellar connectivity has also been shown for regions that
are part of the executive control, social cognition and emotion pro-
cessing networks (i.e., parahippocampal gyrus, precuneus, cingulate
gyrus and superior temporal gyrus) in obsessive compulsive disorder (Xu
et al., 2019). Additionally, functional connections have been reported
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between the cerebellum and arousal nuclei in the brainstem in healthy
adults (Singh et al., 2022).

In the present study, we set out to explore altered cerebello-
subcortico-cortical functional connectivity in veterans who struggle
with reactive aggression. We hypothesized that veterans with reactive
aggression symptoms show decreased resting-state functional connec-
tivity between the DCN and the amygdala, hypothalamus and PAG
compared to veterans without aggression symptoms. Furthermore, we
performed a whole-brain cortical connectivity analysis to explore po-
tential reductions in functional DCN-cortical coupling (Atkinson-Cle-
ment et al., 2020) in veterans with reactive aggression symptoms
compared to veterans without reactive aggression symptoms.

2. Methods
2.1. Participants

Twenty-eight male veterans with reactive aggression symptoms and
thirty age-matched male veterans without aggression symptoms were
recruited from four out-patient clinics of the Military Mental Healthcare
Organization in Utrecht, the Netherlands. The present study sample was
taken from a previous research project on reactive aggression in veterans
focused on fronto-limbic regions (Varkevisser et al., 2017). As the cer-
ebellum was not the main focus of this initial research project, the
posterior fossa was not always completely scanned and eight veterans
with aggressive symptoms and eight control veterans were excluded as
the DCN were not within the participant’s MRI scan field of view. One
additional veteran with aggressive symptoms was excluded because we
could not ascertain wakefulness for the entire resting-state scan. Reac-
tive aggression was classified using the criteria for intermittent explo-
sive disorder (see Coccaro, 2011, 2012): (1) verbal or physical
aggression towards other people occurring at least twice weekly on
average for one month; or three episodes of physical assault over a one
year period; (2) the degree of aggressiveness is grossly out of proportion;
(3) the aggressive behaviour is impulsive (not premeditated); (4) the
aggressive behaviour causes either distress in the individual or impair-
ment in occupational or interpersonal functioning. In the control group,
there were no anger- and aggression-related pathologies or current
DSM-IV Axis-I diagnoses. To be included in this study, individuals in
both groups had to be MRI scanner compatible, between 18 and 50
years, and have been on military deployment for at least four months.
The study was approved by the Medical Ethical Committee of the Uni-
versity Medical Centre Utrecht and was performed in accordance with
the Declaration of Helsinki. All participants provided written informed
consent.

2.2. Behavioural assessment and analyses

For all veterans, the demographic characteristics age, number of
deployments, duration of deployment and time since last deployment
were recorded. Aggressive behaviour and personality were measured
with the Dutch translations of the Buss-Perry Aggression questionnaire
(BPA; Buss and Perry, 1992; Dutch version: Meesters et al., 1996) and
the State-Trait Anger Expression Inventory (STAXI-2; Spielberger et al.,
1999; Dutch version: Hovens et al., 2014). The BPA is a self-report
questionnaire (29 items) that measures physical aggression (9 items),
verbal aggression (5 items), anger (7 items) and hostility (8 items).
Participants respond on a five-point scale ranging from “extremely un-
characteristic of me” (1) to “extremely characteristic of me” (5). Higher
BPA scores correspond to higher levels of aggression. The STAXI-2 is a
self-report questionnaire (57 items) that assesses a person’s angry feel-
ings at the time (state anger) (15 items) and a person’s predisposition to
become angry (trait anger) (10 items). Participants respond on a
four-point scale ranging from “almost never” (1) to “almost always” (4).
Higher STAXI-2 scores correspond to more intense feelings of anger,
both verbally and physically. The Mood and Anxiety Symptom
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Questionnaire (MASQ; Watson and Clark, 1991; Dutch version: de Beurs
et al., 2007) was used to quantify anxiety and depressive symptoms on a
five-point scale ranging from “not at all” (1) to “extremely” (5). Higher
scores on the MASQ corresponded to stronger symptoms of anxious
arousal and anhedonic depression.

To evaluate group differences in demographic characteristics (age,
number of deployments, duration of deployment and time since last
deployment), aggression scores (BPA and STAXI-2) and depressive/
anxious symptoms (MASQ), two-sample t tests were used for parametric
data, Mann-Whitney U tests were used for non-parametric data and
Fisher’s exact tests were used for categorical data. These analyses were
performed using R version 3.6.0 in RStudio version 1.2.1335 for Win-
dows (RStudio Team, 2018). The alpha level of statistical significance
was set at 0.05 (two-tailed).

2.3. Image acquisition

All images were acquired on a 3T Philips Achieva MRI scanner
(Philips Medical Systems, Best, the Netherlands). Structural T1-
weighted images were acquired with a 3D sensitivity encoding
sequence (SENSE, TR = 10 ms, TE = 4.6 ms, flip angle = 8°, voxel size =
0.8 x 0.8 x 0.8 mm, slices sagittal orientation = 200, FOV = 240 x 240
x 160, matrix = 304 x 299). Functional resting-state images were ac-
quired with T2* echo planar imaging sequence (EPI, TR = 1600 ms, TE
= 23 ms, flip angle = 72.5°, voxel size = 4.0 x 4.0 x 4.0 mm, 30
transverse slices interleaved, FOV = 256 x 208 x 120, matrix = 64 x 64,
scanning time = 8.53 min). During the resting-state scan, participants
were instructed to focus on a fixation cross displayed on the computer
screen and let their minds wander.

2.4. Image preprocessing

All images were preprocessed and analysed using FSL (FMRIB’s
Software Library, Oxford, UK) version 6.0.3 (Jenkinson et al., 2012).
Non-brain structures were removed from the images with the Brain
Extraction Tool (BET2) (Smith, 2002). The fMRI Expert Analysis Tool
(FEAT) (Woolrich et al., 2001) was used to realign and smoothen the
functional images with an isotropic gaussian filter kernel with 2 mm full
width at half maximum (FWHM). The mean signal of each voxel was
normalised by grand mean scaling. Next, images were registered to the
subject’s structural image and to standard MNI152 image space using
FMRIB’s Linear Image Registration Tool (FLIRT) (Jenkinson et al., 2002;
Jenkinson and Smith, 2001). Registration from structural images to
standard space was further optimized by nonlinear registration (FNIRT)
(Andersson et al., 2007). ICA-AROMA (Pruim et al., 2015) was used to
remove motion-related noise from the functional images. ICA-AROMA
provided automatic labelling as noise or signal for the generated inde-
pendent components based on frequency spectra (e.g., distribution of
frequency power), time-courses (e.g., regularity of oscillatory patterns)
and spatial maps (e.g., locations and dimensions of clusters) (Griffanti
et al., 2017; Pruim et al., 2015). Manual reclassification of these inde-
pendent components was performed to check if the components were
correctly labeled as noise or signal (Griffanti et al., 2017). Variance
assigned to noise was removed in the data by non-aggressive ICA-AR-
OMA denoising. Additionally, nuisance regression was used to correct
for white matter and cerebrospinal fluid (CSF) signals. Lastly, denoised
data was high-pass filtered at 0.01 Hz and additionally smoothed with a
relatively small kernel (final FWHM = 4 mm) to avoid too much signal
smearing in our relatively small regions of interest.

2.5. Regions-of-interest

Our DCN seed region of interest was manually segmented for each
participant at the medial cerebellum, above lobule X and the 4th
ventricle, close to the cerebellar outflow pathways, using the MRI atlas
of the Human Cerebellum (Schmahmann et al.,, 2000) (see
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Supplementary Fig. 1). Our functional data did not include resting-state
activity of the lateral cerebellar hemispheres, therefore further analyses
on cerebellar lobules could not be taken into account.

To evaluate functional connectivity between the cerebellum and the
main subcortical regions of the aggression circuit, the hypothalamus,
amygdala and PAG were chosen as regions-of-interest (ROIs). In line
with the previous study on the larger sample of veterans (Varkevisser
et al., 2017), the subsections of the amygdala (basolateral, centromedial
and superficial) were defined by SPM12’s Anatomy Toolbox (Amunts
et al., 2005; Eickhoff et al., 2005) for the left and right hemisphere
separately. The hypothalamus was set as a sphere with 12 mm radius in
the middle of both hemispheres located at MNI coordinates x = 0, y =
—4, z = —10 to include the different hypothalamic nuclei (Baroncini
et al., 2012; Kullmann et al., 2014). The PAG was set as a sphere with
3.72 mm radius located at MNI coordinates x =1,y = —29,z = —12, in
line with Varkevisser et al. (2017) and a meta-analysis by Linnman et al.
(2012).

2.6. Subject-level: Seed-based correlation

Average time-series were extracted from each participant’s DCN seed
and ROIs. These time-series were used as regressors in the General
Linear Models (GLM) along with their temporal derivatives. Two
subject-level analyses were performed: Region-Of-Interest (ROI) and
exploratory whole-brain. Temporal autocorrelation in the GLM was
removed with FMRIB’s Improved Linear Model (FILM) (Woolrich et al.,
2001). For the ROI analyses, separate GLMs were analysed with the
segmented amygdala regions, hypothalamus and PAG to mask the Z-stat
images before thresholding. For the exploratory whole-brain analysis,
an MNI grey matter mask was used before thresholding to confine the
search space to grey matter structures exclusively.

2.7. Group comparison: ROI and whole-brain analyses

Statistical contrast maps that were registered to standard MNI152
space were used for group analyses. Differences in functional connec-
tivity of the DCN with the hypothalamus, PAG and amygdala were
examined between the veterans with and veterans without reactive
aggression. In addition to the ROIs, an exploratory whole-brain analysis
was performed to evaluate group differences in functional connectivity
between the DCN and other (sub)cortical regions. For both analyses,
mixed effects modelling at the group level was performed with FMRIB’s
Local Analysis of Mixed effects (FLAME) 1 + 2 in FEAT with automatic
outlier de-weighting (Woolrich et al., 2004). All statistical maps were
Gaussianised to the normal Z-distribution (Worsley, 2001). For the
group level contrast images, a cluster-forming threshold of Z > 2.3 (p <
0.01) and a family-wise error (FWE) corrected cluster significance
threshold of p < 0.05 (additionally FDR-corrected for multiple ROIs;
Benjamini and Hochberg, 1995) were employed (Worsley, 2001). For
whole-brain analyses, a cluster-forming threshold of Z > 2.3 and a
corrected cluster significance threshold of p < 0.05 was considered
significant (Worsley, 2001).

Additionally, functional connectivity measures were linked to
behavioural questionnaire outcomes. Pearson’s correlations between
DCN-subcortical functional connectivity measures and behavioural
scores on the BPA/STAXI-2 questionnaires were performed. Functional
connectivity measures were considered outliers if they deviated by more
than 3 standard deviations from the mean. The statistical significance
with FDR correction for these exploratory analyses was set at p < 0.05
(two-tailed; Benjamini and Hochberg, 1995).

2.8. Additional analyses
While we corrected for motion-related artefacts, residual motion can

still lead to noise in the data (Byrge and Kennedy, 2018). For each
participant, fractional displacement (FD) values were calculated by
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averaging the rotation/translation parameter differences with matrix
RMS formulation (Jenkinson et al., 2002) in FSL. A Mann-Whitney U test
was performed to examine a group difference in median FD values.
Additionally, the percentage of total timepoints with FD measures
exceeding the 0.2 mm threshold, which is a commonly used threshold to
define motion outliers (e.g., Chen et al., 2018; Ciric et al., 2018; van
Lutterveld et al., 2022), were compared between groups. To further test
whether the results from our study were confounded by motion arte-
facts, median FD values of each participant were correlated with their
average functional connectivity outcomes and measures of aggressive
behaviour.

For the functional connectivity analysis, a potential confound of
medication use was examined by visual inspection of the data distri-
bution and performing an outlier check (M + 3 SD).

Table 1
Demographic and psychometric characteristics of the study population.
Reactive aggressive Control Difference
veterans (n = 19) veterans (n =
22)
Demographic data
Age 35.0 [29.5; 37.0] 29.5 [26.3; p = 0.555"
39.8]
Number of deployments 2.0 [1.0; 3.0] 2.0 [1.0; 2.8] p = 0.989"
()
Duration of deployment 8.0 [5.0; 11.5]" 9.0 [5.0;11.3]'  p=0.712"
(months)
Time since last 6.0 [5.5; 8.5] 6.0 [5.3; 7.0] p = 0.424"
deployment (years)
Medication use 4 (21%) 0 (0%) p=0.014
b
Anti-depressant/SSRI 4 (21%) 0 (0%)
Anti-anxiety/ 2 (11%) 0 (0%)
Benzodiazepines
Methylphenidate 1 (5%) 0 (0%)
Psychometric data
BPA total 93.0 [84.0; 106.5] 53.0 [48.0; p <0.001
56.0] ¢
BPA physical aggression 29.0 [26.0; 37.0] 17.5 [16.0; p <0.001
20.5] ¢
BPA verbal aggression 14.0 [13.0; 18.0] 11.0 [11.0; p < 0.001
12.0] ¢
BPA anger 25.0 [23.0; 27.5] 11.0 [10.0; p < 0.001
12.0] a
BPA hostility 23.0 [18.5; 28.0] 11.0 [10.0; p < 0.001
14.0] “
STAXI-2 total 116.0 [111.5; 134.0] 109.0 [100.8; p <0.001
111.0] 4
STAXI-2 state 18.0 [15.0; 27.5] 15.0 [15.0; p <0.001
15.0] “
STAXI-2 trait 23.0 [19.0; 28.5] 11.5 [10.0; p <0.001
13.0] “
MASQ anxious arousal 24.0 [20.0; 33.0] 17.0 [17.0; p < 0.001
19.0] a
MASQ anhedonic 72.0 [64.5; 78.0] 39.5 [37.0; p < 0.001
depression 44.0] ¢

Data are presented as median [interquartile range] for continuous and as
number (percentage of total) for categorical variables. Abbreviations: BPA =
Buss-Perry Aggression questionnaire; MASQ = Mood and Anxiety Symptom
Questionnaire; SSRI = Selective Serotonin Reuptake Inhibitor; STAXI = State-
Trait Anger Expression Inventory.
t data available in 17 individuals; { data available in 21 individuals.

@ Mann-Whitney U test.

b Fisher’s exact test.

¢ two-sample t-test.
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3. Results
3.1. Study population

Demographics of the study population are shown in Table 1. The
groups did not differ in age, sex, number of deployments, time since last
deployment or duration of deployments. Veterans with reactive
aggression symptoms showed significantly higher BPA aggression,
STAXI-2 state and trait anger and MASQ anxiety and depression scores
compared to control veterans (ps < 0.001, Table 1).

3.2. Brain-behaviour associations

No significant group differences in functional connectivity of the
DCN with either the hypothalamus, PAG or the basolateral, cen-
tromedial and superior nuclei of the amygdala were observed between
veterans with and without reactive aggression symptoms (ps > 0.05).
Across the whole sample, for the correlations between ROI functional
connectivity measures and the questionnaires, two participants were
considered outliers. In the remaining thirty-nine participants,
cerebellar-subcortical functional connectivity did not significantly
correlate with scores on the BPA or STAXI-2 (ps > 0.05).

The exploratory whole-brain analysis showed that functional con-
nectivity between the DCN and a prefrontal cluster was significantly
decreased in veterans with aggression symptoms compared to controls
(Fig. 1). The Zpnax (Z = 3.3) location of the cluster (x = —10,y =42,z =
—16; 338 voxels, p = 0.041) corresponded to the left orbitofrontal cortex
(P(OFC|Zmax) = 0.86) in the Neurosynth meta-analysis maps (Yarkoni
et al.,, 2011). This cluster did not survive the more conservative
cluster-forming threshold of Z > 3.1. DCN-OFC functional connectivity
measures were negatively correlated to BPA and MASQ scores (see
Supplementary results). Notably, depressive and anxious symptoms as
measured with the MASQ did not mediate the DCN-OFC functional
connectivity group difference (see Supplementary results).

3.3. Additional analyses

There was no significant group difference in median FD values be-
tween veterans with (median FD [interquartile range (IQR)] = 0.08
[0.06; 0.10]) and without (median FD [IQR] = 0.07 [0.06; 0.09])
aggressive symptoms (Z = 0.71, p = 0.480). The percentage of high FD
values (>0.2 mm, aggressive veterans: median [interquartile range,
IQR]: 1.9 [0.8; 9.2]; control veterans: 3.6 [1.3; 5.4]) did not differ be-
tween groups (Z = —0.52, p = 0.600). Furthermore, there was no cor-
relation between median FD values and functional connectivity
measures between the DCN and OFC (r = 0.05, p = 0.748) or aggression
measures (BPA total score: r = —0.06, p = 0.705; STAXI total score: r =
—0.05, p = 0.750). These results showed that our findings are unlikely to
be explained by (residual) effects of motion-related noise.

In our sample, four veterans were present users of psycho-active
medication (Table 1) (all four used anti-depressant medication, addi-
tionally one used methylphenidate and two used anti-anxiety medica-
tion). Visual inspection of the data distribution in aggressive veterans
group showed no indication of clustering (see Fig. 1). Also, the func-
tional connectivity values for these cases fell within 2 standard de-
viations from the mean. These observations indicated that the observed
cerebello-OFC group difference was not driven by medication use.

4. Discussion

In the present study cerebello-subcortico-cortical resting-state func-
tional connectivity was compared between veterans with- and without
reactive aggression symptoms. No evidence was found for altered
cerebello-subcortical functional connectivity in veterans with reactive
aggression symptoms. Exploratory whole-brain analyses, however,
demonstrated decreased connectivity between the DCN and OFC in



E.M.L. Wolfs et al.

Journal of Psychiatric Research 159 (2023) 42-49

-~ 050 e R
3 | ° \
g/ e .
] . !
5 ¢

2l SN
3 025 ol
B . [ o
g e ®o “ |
I Se %o

(]
g . ’

0.00

-0.25

Aggressive veterans Control veterans
Group

Fig. 1. (A) Reduction in DCN-prefrontal functional connectivity at x = —10, y = 42, z = —16 in veterans with reactive aggression symptoms compared to control
veterans. (B) Mean parameter estimates of the cluster, broken down by veteran group. Purple dots represent the veterans with reactive aggression symptoms, yellow
dots represent the veterans with reactive aggression symptoms currently on psycho-active medication and green dots represent the control veterans. A.u.: arbi-

trary units.

veterans with reactive aggression symptoms as compared to control
veterans.

We did not observe group differences in functional connectivity
measures between the DCN and amygdala, hypothalamus or PAG, nor
did functional connectivity measures correlate with self-reported levels
of anger and aggression. In contrast with our results, previous research
has found evidence for increased functional connectivity between the
cerebellum and amygdala in violent offenders compared to non-violent
controls (Leutgeb et al., 2016). In addition, in healthy volunteers,
increased functional connectivity between the cerebellum and amygdala
has been related to increased behavioural inhibition (Roy et al., 2014). A
more direct functional relationship between the DCN and hypothalamus
has been demonstrated in animals, where electrical stimulation of the
DCN was found to increase activity in the hypothalamus (Zanchetti and
Zoccolini, 1954). In the present study, a DCN seed was used contrary to
the cerebellar cortex seed in previous studies (Leutgeb et al., 2016; Roy
et al., 2014). Furthermore, our sample exclusively included well-trained
military veterans, who constitute a different population than the violent
offenders investigated by Leutgeb et al. (2016). Additionally, it is
conceivable that veterans with aggression symptoms did not show dif-
ferences in DCN-subcortical functional connectivity in the absence of
provocation, when no increased arousal, autonomic responses or
aggressive behaviour occur. Available literature in cortico-limbic re-
gions suggests that functional connectivity changes when arousal levels
were reported higher (Paret et al., 2016) or after laboratory exposure to
violence (Dark et al., 2020). Moreover, the absence of altered connec-
tivity directly between the cerebellum and subcortical areas involved in
reactive aggression does not exclude the possibility of an indirect reg-
ulatory pathway via cortical regions. A prefrontal connection could
mediate the cerebello-subcortical connection in veterans with aggres-
sion symptoms. This is supported by Varkevisser et al. (2017), who re-
ported reduced frontal-subcortical connectivity in a larger sample of
veterans, as well as by the present finding of reduced cerebello-frontal
connectivity.

Our exploratory analyses found evidence for reduced DCN-OFC
functional connectivity in veterans with aggression symptoms in com-
parison to control veterans. This result adds to the idea for a role of the
cerebellum in the frontal-subcortical aggression circuit (Klaus and
Schutter, 2021; Kruithof et al., 2022; Wolfs et al., 2022). The OFC is
implicated in the encoding of emotional and motivational values (Raine
and Yang, 2006; Rosell and Siever, 2015) through reciprocal connec-
tions with the amygdala (Blair, 2016; Viviani, 2014; Winstanley et al.,
2004). The OFC may thus play a regulatory role in relaying signals that
can both decrease and increase the probability of reactive aggression as
aresult of environmental cues associated with, for example, rewards and
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threats (Blair, 2004). In agreement with this idea, decreased functional
connectivity between the OFC and amygdala has been reported in pa-
tients with intermittent explosive disorder (Coccaro et al., 2007). More
specifically, it has been proposed that blunted medial prefrontal cortex
activity can lead to more aggressive behaviour through a reduced ability
to evaluate action-outcome relationships (Blair, 2007). As noted earlier,
the lower cerebello-orbitofrontal connectivity observed in the present
study is in line with reported lower cerebello-frontal coupling in Tour-
ette disorder patients with rage attacks (Atkinson-Clement et al., 2020).
Additionally, reduced cerebello-orbitofrontal functional connectivity
has been demonstrated in violent offenders (Leutgeb et al., 2016). A
related finding of reduced functional connectivity between left Crus II
and left inferior frontal gyrus has also been reported in criminal of-
fenders compared to controls (Amaoui et al., 2022). On a speculative
account, reduced cerebello-frontal functional connectivity may
contribute to impulsivity and reactive aggression through less cerebellar
input to the prefrontal supervisory system (Miquel et al., 2019; Moer-
s-Hornikx et al., 2009). In terms of feedforward models, the cerebellum
may be involved in providing information to the prefrontal cortex about
response-outcome associations which is used by the OFC during
response selection and outcome anticipation (Pisotta and Molinari,
2014). Lower functional connectivity may perhaps reflect a state of
suboptimal information transfer between the DCN and OFC. As a result,
limited access by the OFC to cerebellar information could potentially
predispose individuals to more reactive and inappropriate forms of
behaviour. Furthermore, reduced cerebellar input may play a role in
decreased prefrontal regulation of limbic areas as indexed by reduced
fronto-subcortical connectivity in aggression (Coccaro et al., 2007;
Sukhodolsky et al., 2021; Varkevisser et al., 2017). In this context,
altered communication between the sensorimotor regions of the cere-
bellum associated with emotion reactivity and the medial frontal
network involved in cognitive control has been found to be predictive of
aggressive behaviour in children (Ibrahim et al., 2022). Even though the
exact mechanisms remain to be elucidated, our preliminary finding
concurs with the growing body of empirical evidence on the involve-
ment of the cerebellum in emotion regulation and impulse control
(Adamaszek et al., 2017; Klaus and Schutter, 2021; Schutter, 2020;
Wolfs et al., 2022). Future research, with increased field strength and
resolution to avoid signal loss in neighbouring structures as well as a
larger sample size, is necessary to warrant the functional relations be-
tween the cerebellum and subcortical structures.

Limitations of this study include the absence of resting-state fMRI
signal in the cerebellar hemispheres and the relatively low resolution of
the functional images. Our study focused on the DCN, but future studies
on functional connectivity of the cerebellar cortex could provide a more



E.M.L. Wolfs et al.

specific topography of the cerebellum in the core aggression circuit. We
assessed relatively small brain structures with average resolution (~3-4
mm?®) and through averaging over neighbouring structures may have
failed to detect region-specific group differences. Increasing the signal-
to-noise ratio by using high (7T) MR fields and specific cerebellum
coils may be beneficial for increasing the specificity and sensitivity
(Priovoulos et al., 2021) of associations between cerebellar functional
connectivity and behavioural indices of human aggression. Future
task-based functional connectivity studies on aggressive behaviour (e.g.,
Ibrahim et al., 2022) with a more explicit focus on the cerebellum could
provide complementary information. Finally, due to the preliminary
nature of our study, future systematic research is needed to replicate and
further examine the observed reduction in DCN-OFC functional con-
nectivity in veterans with aggressive symptoms and to test whether our
current findings in males generalize to the female population. Despite
these shortcomings, our preliminary findings hint to the importance of
the cerebellum as part of the neural circuitry underlying aggression.

In conclusion, our findings provide the first preliminary evidence for
the presence of aberrant cerebello-orbitofrontal functional connectivity
in veterans displaying reactive aggression symptoms. The growing body
of empirical evidence further strengthens the role of the cerebellum in
aggression and is suggestive for a complementary role of the cerebellum
to the well-established cortico-limbic theories of emotion regulation.
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