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Abstract

Aggression and impulsivity are linked to suicidal behaviors, but their relationship to the suicidal crisis remains unclear. This magne-
toencephalography (MEG) study investigated the link between aggression, impulsivity, and resting-state MEG power and connectivity.
Four risk groups were enrolled: high-risk (HR; n=14), who had a recent suicidal crisis; lower-risk (LR; n=41), who had a history of
suicide attempts but no suicide attempt or ideation in the past year; clinical control (CC; n=38), who had anxiety/mood disorders but
no suicidal history; and minimal risk (MR; n=28), who had no psychiatric/suicidal history. No difference in resting-state MEG power
was observed between the groups. Individuals in the HR group with high self-reported aggression and impulsivity scores had reduced
MEG power in regions responsible for sensory/emotion regulation vs. those in the HR group with low scores. The HR group also showed
downregulated bidirectional glutamatergic feedback between the precuneus (PRE) and insula (INS) compared to the LR, CC, and MR
groups. High self-reported impulsivity was linked to reduced PRE to INS feedback, whereas high risk-taking impulsivity was linked to
upregulated INS to postcentral gyrus (PCG) and PCG to INS feedback. These preliminary findings suggest that glutamatergic-mediated

sensory and emotion-regulation processes may function as potential suicide risk markers.
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Introduction

Suicide is a serious and complex health threat. In the USA,
it is the 12th leading cause of overall mortality and the sec-
ond and third leading cause of death in adolescents and young
adults, respectively (Centers for Disease Control and Prevention
2020). Despite its high prevalence and significant impact on pub-
lic health, identifying objective risk factors for suicidal behaviors
remains challenging, largely because current risk assessment
relies on self-reported records. Understanding the timing of sui-
cidal behaviors is also crucial for assessing prognosis (Zuromski
et al. 2019), perhaps because lifetime suicidal measures may not
capture ongoing cognitive and neurobiological indicators of suici-
dal behavior (Lamontagne et al. 2023). In this context, developing
objective neurobiological markers of suicide risk could improve
both assessment and prevention efforts.

Aggression and impulsivity have consistently been linked to
suicidal behaviors (Mann 2003, Gvion et al. 2014). In particu-
lar, high impulsivity has been associated with both increased
aggression (Zouk et al. 2006) and a history of suicide attempts
(Liu et al. 2017, Huang et al. 2023). Aggression and impulsiv-
ity can lead to dysregulated emotions and stress responses in
individuals with suicidal behaviors (Stanley et al. 2019, Drach-
man et al. 2022) as well as decreased interoceptive sensitivity
(DeVille et al. 2020, Smith et al. 2021) and higher levels of
endocrinological biomarkers such as cortisol (O’Connor et al.

2020) and testosterone (Sher 2017). Nevertheless, few studies have
explored impulsivity and aggression as potential neurobiological
markers for suicidal behaviors. One study observed reduced brain
activity in the ventral medial prefrontal cortex and paralimbic
areas during a reinforcement learning task in older individuals
with a history of suicide attempts and higher impulsivity (Dom-
brovski et al. 2013). Another study found that individuals with
high self-reported impulsivity displayed decreased connectivity
between sensory processing brain regions, including the right lat-
eral occipital cortex and the sensorimotor network (Herman et al.
2020). Regarding the timing of suicidal behaviors, the cognitive
performance of adolescents with a history of suicide attempts var-
ied with regard to the recency of suicidal behaviors rather than
the types of suicidal behaviors (Bridge et al. 2012, Pan et al. 2013),
particularly in relation to impulsivity (Millner et al. 2020). Because
aggression and impulsivity appear to play a critical role in suici-
dal behaviors and in the potential relationships surrounding the
temporal dynamics of the suicidal event, investigating their neu-
robiological basis is essential to improving our understanding of
suicide and potential interventions.

Previous studies identified several brain regions associ-
ated with suicidal behaviors (Benedetti et al. 2011). For
instance, individuals who died by suicide were found to exhibit
hypoperfusion in the subgenual anterior cingulate cortex, right
precuneus, postcentral gyrus, and insula (Willeumier et al. 2011).
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Furthermore, individuals with a history of suicide attempts had
reduced brain activity in the dorsolateral prefrontal (Alacreu-
Crespo et al. 2020) and ventromedial prefrontal cortices (Brown
et al. 2020) as well as altered brain activity in the insula and pre-
cuneus (Cao et al. 2015, Sankar et al. 2022). Suicidal ideation was
also found to be associated with resting-state gamma source-level
power in the anterior insula during a suicide implicit associa-
tion task (Ballard et al. 2019, Gilbert et al. 2020). Interestingly,
exploratory dynamic causal modeling (DCM) analysis suggested
reduced connectivity from the early visual cortex to the insula,
indicating potential sensory and emotion regulation failure con-
tributing to an insula-oriented mechanism of suicidal behaviors
(Ballard et al. 2020a).

Suicidal behaviors have also been linked to reduced brain
function in regions associated with sensory input, emotional reg-
ulation, and decision-making (Lalovic et al. 2022). Individuals with
a history of suicide attempts showed hypersensitivity to nega-
tive emotional cues in the dorsolateral prefrontal, somatosen-
sory, and temporal cortices as well as the anterior cingulate
gyrus and insula (Pan et al. 2013). Because disrupted connectiv-
ity between prefrontal brain regions and the insula may lead to
impaired emotional responses (Gilbert et al. 2022), impaired regu-
lation may contribute to maladaptive decision-making, reward-
processing, and interoception (Alexander et al. 2019, Schmaal
et al. 2020). The dysregulated sensory/emotion-regulating sys-
tem, closely tied to insular function (DeVille et al. 2020), may
trigger self-harming behaviors (Cummins et al. 2021). Thus, it
is possible that individuals struggling with suicidal crisis—and
particularly those exhibiting higher levels of impulsivity and
aggression—may exhibit downregulation in brain regions related
to sensory/emotion regulation. Collectively, the studies suggest
that suicide may exhibit a negative association with brain func-
tion with regard to sensory and emotional regulation and that
this relationship might be negatively moderated by aggression
and impulsivity.

This study used resting-state magnetoencephalography (MEG)
toinvestigate the electrophysiological correlates of the recent sui-
cidal crisis in four risk groups: individuals experiencing a recent
suicidal crisis; individuals with a history of suicide attempts
but no suicide attempt or ideation in the past year; individu-
als with mood or anxiety disorders but no history of suicidal
behaviors; and individuals with no psychiatric disorder or his-
tory of suicidal behaviors. The hypothesis was that, compared
to other groups, individuals undergoing a recent suicidal crisis
would show diminished source-level MEG power, specifically in
brain regions associated with sensory and emotional regulation.
It was also hypothesized that the relationship between risk groups
and MEG power would be influenced by this reduction, interacting
with both self-reported and task-oriented measures of aggression
and impulsivity collected outside of the MEG scanner. DCM was
used to explore the effective connectivity between these brain
regions, including in those with high levels of aggression and
impulsivity.

Materials and methods

Participants

One hundred and twenty-one participants took part in the study
(NCT02543983). Participants were recruited through the Neu-
robiology of Suicide protocol; the sample recruitment pipeline
has previously been documented (Ballard et al. 2020b). Partic-
ipants were selected according to recency of suicidal thoughts
and behaviors rather than specific psychiatric diagnoses. The

participant groups included (I) those who had experienced a
recent suicidal crisis, defined as attempted either suicide or suici-
dal ideation with intent to act within the past 2 weeks [high-risk
(HR); n=14: 6M/8F; mean age: 37.62+ 12.15]; (I) those with a
history of suicide attempt but no suicide attempt or ideation
in the past year [lower-risk (LR); n=41: 12M/29F; mean age:
42.12+15.36]; (III) individuals diagnosed with anxiety or mood
disorders but with no history of suicide attempt or ideation [clini-
cal control (CC); n=38: 20M/18F; mean age: 44.76 4+ 15.50]; and (IV)
individuals with no personal or family history of either psychiatric
disorder or suicidal behavior [minimum risk (MR); n=28: 11M/17F;
mean age: 34.53 + 11.65] (Fig. 1; Supplementary Table S1). All par-
ticipants were between the ages of 18 and 70years. Individuals
with active suicide risk were managed in the research setting as
per our previously published protocol (Ballard et al. 2020b).

Participants were excluded from the study if they had current
drug or alcohol dependence, severe or unstable medical con-
ditions, or tested positive for human immunodeficiency virus.
Non-English speakers, pregnant individuals, and individuals with
schizophrenia were also excluded. The Combined Neuroscience
Institutional Review Board approved the protocol at the National
Institutes of Health in Bethesda, MD, and all participants provided
written, informed consent.

Clinical ratings

General and suicidal clinical ratings

Mood and anxiety rating scales administered to assess the sever-
ity of psychiatric symptoms included the Montgomery-Asberg
Depression Rating Scale (MADRS) (Montgomery and Asberg 1979),
the Hamilton Rating Scale for Depression 24 (HAMD-24) (Hamil-
ton 1960), and the Hamilton Anxiety Rating Scale (HAMA) (Hamil-
ton 1959). Clinicians interviewed participants and measured sui-
cidal behaviors, including attempt history and ideation, with the
Columbia Suicide Severity Rating Scale (Posner et al. 2011) and the
Scale for Suicide Ideation (Beck et al. 1979).

Self-reported impulsivity

Self-reported assessments of impulsivity were conducted within
2 days of scanning using the Barratt Impulsiveness Scale (BIS), a
well-validated 30-item measurement of different types of self-
reported impulsivity (Patton et al. 1995), including attention,
motor control, and non-planning.

Task-based impulsivity

Two reward-oriented tasks—the Monetary-Choice Questionnaire
(MCQ) and the Balloon Analogue Risk Task (BART)—were also used
to measure impulsivity and risk-taking. Additional details about
these instruments can be found in the Supplementary material.

Aggression

The Buss—Perry Aggression (BPA) questionnaire (Buss and Perry
1992) measures different types of aggressive characteristics, such
as physical aggression, verbal aggression, anger, and hostility.

MEG preprocessing

One or two 8-min eye-closed resting-state MEG scans were col-
lected during the scanning session. Neuromagnetic data were
collected using a CTF 275-channel whole-head system using
first-order axial gradiometer MEG sensors and superconducting
quantum interference devices (VSM MedTech Ltd, Coquitlam,
BC, Canada). MEG data preprocessing was performed using the
computational resources of the NIH Biowulf high-performance
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Figure 1. Flow chart of the sample size in the MEG analysis.
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Minimum risk (n=28)
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Low risk (n=13)
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Imaging data excluded:
High risk (n=1)
Low risk (n=3)
Clinical controls (n=3)

Participants excluded***:
High risk (n=2)
Clinical controls (n=1)
Minimum risk (n=3)

*Participants were excluded from the analysis if resting-state MEG data were not available.**Most participants had two resting-state imaging sessions. Seven of the
participants had only one resting-state MEG scan.”*Participants were included if a fit index for any individual DCMs was >0.8.

computing cluster (http://hpc.nih.gov). MEG data were cleaned
for potential artifacts and localized to the source space. In the
source space, beamformer weights were estimated, and the out-
put power was projected at each voxel within five bandwidths:
delta (2-4 Hz), theta (4-8 Hz), alpha (9-14 Hz), beta (15-29 Hz), and
gamma (30-58 Hz). Source-level images were warped to Talairach
space using Analysis of Functional NeuroImages (AFNI) (Cox 1996)
software for group-level comparisons. Additional details are avail-
able in the Supplementary material.

Dynamic causal modeling

DCM, a generative model that seeks to find hidden neural states
from measured brain responses using a Bayesian perspective
(Stephan et al. 2010), was used to assess the extrinsic connectiv-
ity between sensory/emotion-regulating brain regions. Briefly, the
“CMM_NMDA” model (a conductance-based neural mass model)
was used to assess the effective connectivity between the regions
of interest (ROIs) in the lateral postcentral gyrus, precuneus, infe-
rior frontal gyrus, angular gyrus, and insula. Additional details are
available in the Supplementary material.

Cross-spectral densities were modeled using local field poten-
tials from each ROI, including the lateral postcentral gyrus (Mon-
treal Neurological Institute (MNI) coordinates: x=68, y=-12,
z=16), precuneus (MNI coordinates: x=7, y=-62, z=47), infe-
rior frontal gyrus (MNI coordinates: x=57, y=17, z=17), angular
gyrus (MNI coordinates: x =42, y=-62, z=32), and insula (MNI
coordinates: x=37, y=1, z=-1). The ROI time-series were seg-
mented into two-second epochs, and the DCMs were fitted using
a wide frequency range from 1 to 58 Hz. Individual DCMs were
estimated, and their fit to the model was evaluated in the 86

participants for whom resting-state MEG data were available
(Fig. 1). The selection of individual DCMs for subsequent analy-
sis was based on the correlation coefficient between the spectral
densities of the raw and modeled data. Individual DCMs with a
correlation coefficient of >0.8 and a better correlation coefficient
between the two recordings were chosen. Six additional partic-
ipants were excluded from the analysis due to inadequate fit
qualification, leaving 80 participants included in the DCM anal-
ysis (Fig. 1). At the group level, model parameters were assessed
using parametric empirical Bayes (PEB) estimation (Zeidman et al.
2019).

Statistical analysis

Statistical analyses were conducted to compare the demographic
and clinical characteristics of the HR, LR, CC, and MR groups.
Analysis of variance (ANOVA) and chi-squared tests were used
to evaluate demographic differences between the groups, with
age, sex, and ethnicity entered as predictor variables. Differences
in anxiety and depressive symptoms were analyzed using one-
way ANOVA, with depressive (MADRS and HAMD-24) and anxiety
symptom (HAMA) scores entered as predictor variables and age
and sex as covariates. Differences in aggression and impulsivity
measures between the groups were also studied, and impulsivity
(BIS, MCQ, and BART) and aggression (BPA) scores were entered
as predictor variables with age and sex as covariates. Because so
few differences were observed between the CC and MR groups,
these two were combined into a control (CL) group for subsequent
analyses. The internal consistency of self-reported impulsivity
scores was reasonable (a«=0.69 for BIS and a=0.62 for BPA).
However, there was notable heterogeneity among the task-driven
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impulsivity scores, such as the MCQ and BART (a=-0.01). This
lack of internal consistency might indicate that self-reported and
task-oriented impulsivity reflect different aspects of impulsivity.
Task-oriented impulsivity, especially as measured by the BART,
may reflect another construct, such as risk-taking (White et al.
2008). Kendall’s tau was used to explore the correlation between
the aggression and impulsivity scales (BIS, MCQ, BART, and BPA)
because the sample size was small and because a potential non-
linear association was assumed.

A linear mixed model (3dLMEr) in AFNI was used to compare
resting-state MEG signals between the groups (HR vs. non-HR;
HR vs. LR; HR vs. CL), with aggression and impulsivity measures
as predictors and age and session as covariates. The significant
threshold was set to a=0.05, with cluster-based multiple com-
parison corrections using 3dClustSim used to identify significant
findings. Interactions between the groups and the aggression and
impulsivity measures were the primary measures of interest. One
trend-level finding was reported and used in the DCM analysis
because it may shed light on sensory regulation.

The fully connected DCM model with sensory/emotion-
regulating regions was developed based on the group difference
analysis results (Fig. 2a). Reduced models with three variations
were then estimated (Fig. 2c and d). Model 1 included fully recipro-
cated feedforward and feedback connections between the insula
and postcentral gyrus and between the insula and precuneus. In
Models 2 and 3, the postcentral gyrus carried feedforward signals
to the insula, with recurrent feedback connections from the insula
to the postcentral gyrus. In Model 2, the insula had feedforward
signals to the precuneus, whereas the precuneus carried feedfor-
ward signals to the insula in Model 3. The estimated negative free
energy bound of the log-model evidence score of each model, sug-
gesting the relative explained variance, was compared using the
fixed-effect analysis of the Bayesian model selection. The model

(a) Fully connected model

with the highest log-model evidence score was then selected for
subsequent analyses.

Finally, PEB analysis was applied to explore group differ-
ences in glutamatergic connectivity among the specified brain
regions. The study focused on feedforward and feedback a-amino-
3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA)- and N-
methyl-p-aspartate (NMDA)-mediated connectivity. The models
tested for group differences between the HR and non-HR, HR and
LR, and HR and CL groups. Parameters with a posterior probability
(posteriorp) of >.95 were considered significant. Age was included
as a covariate because of its association with brain volume in indi-
viduals with a history of suicide attempts (Gifuni et al. 2021). To
assess whether impulsivity and aggression affected glutamatergic
connectivity in the specified brain regions beyond the main effect
of group differences, the main effect of aggression and impulsiv-
ity measures on connectivity was assessed while controlling for
group differences and age.

Results

Participants

Demographic information can be found in Table 1. No significant
differences in sex or ethnicity were noted, but participants in the
CC group were older than those in the MR group (Supplementary
Tables S1 and S2). The HR group had higher depression (MADRS
and HAMD-24) and anxiety (HAMA) scores than the LR and MR
groups (Supplementary Tables S1 and S2).

Measures of impulsivity and aggression

The total and subscale scores for the BIS and BPA ques-
tionnaires differed between the groups (Table 1; Supplemen-
tary Table S1). The HR group showed higher levels of self-
reported aggression and impulsivity than the MR group (P<.05)
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Table 1. Demographic and clinical information.
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Statistics
Comparison Category x? score F-score P-value
Group difference Demographic Age 3.12 .029
between the HR, Ethnicity White (vs. non-White) 2.59 459
LR, CC, and MR Sex Female (vs. male) 4.51 211
groups Primary mood Bipolar disorder (vs. MDD)? 10.23 .006
diagnosis
Depressionand MADRS 58.92 <.001
anxiety HAMD-24 61.60 <.001
HAMA 42.27 <.001
Impulsivity MCQ 0.48 .696
BART 0.66 577
BIS Total 8.39 <.001
BIS Attentional 10.67 <.001
BIS Motor 4.28 .007
BIS Non-planning 8.87 <.001
Aggression BPA 4.89 .003
HR group vs. Impulsivity MCQ 0.50 483
non-HR group® BART 0.47 494
BIS Total 11.88 <.001
BIS Attentional 10.07 <.001
BIS Motor 4.53 .036
BIS Non-planning 6.85 .010
Aggression BPA 5.45 .021
@The primary bipolar diagnosis included Bipolar Disorder I, Bipolar Disorder II, and Bipolar Disorder not otherwise specified.
"The non-HR group included the LR, CC, and MR groups.
Table 2. Kendall’s Tau score between the impulsivity and aggression scores.
1 2 3 4 5 6
BIS total
BIS attentional 0.63°
BIS motor 0.47° 0.20°
BIS non-planning 0.69° 0.45P 0.25P
BPA 0.30° 0.30° 0.182 0.24°
BART -0.04 -0.05 -0.06 0.005 0.01
MCQ 0.0002 -0.09 0.01 0.06 0.02 -0.12
@P <.01; and
bp <.001.

(Supplementary Table S2). The HR group also had significantly
higher levels of aggression and impulsivity than the other three
groups (Table 1; Supplementary Table S1). However, no differ-
ences were observed between the groups for the reward-oriented
impulsivity tasks (MCQ and BART) (P>.10).

The relationship between aggression and impulsivity can be
found in Table 2. Self-reported impulsivity measured by the BIS
and its subscales (attentional, motor, and non-planning) corre-
lated with aggression, as assessed via the BPA (P<.05). No such
association was observed between the BIS or BPA with the reward-
oriented MCQ and BART impulsivity tasks. Additional details
about the aggression and impulsivity scales and their correlation
with potential covariates such as alcohol consumption, substance
use, medication history, and suicidal measures such as attempt
history, frequency, and lethality can be found in Supplementary
Table S3.

Electrophysiology—MEG results

Source-localized power in the delta, theta, alpha, beta, and
gamma bands was analyzed using linear mixed models. The
model examined the interaction between the groups (HR, LR, CC,

and MR) and measures of aggression and impulsivity. No sig-
nificant group-level differences were observed with self-reported
aggression and impulsivity scores on source-localized power,
including on the BIS and BPA.

Individuals in the HR group with high BPA scores had signifi-
cantly reduced right hemispheric MEG power in the frontal and
parietal regions compared to those in the HR group with low
BPA scores (Fig. 3; Table 3). These regions included the angular
gyrus and middle frontal gyrus in the alpha band and the lateral
precuneus and inferior frontal gyrus in the beta band.

Individuals in the HR group with high BIS attentional subscale
scores had reduced MEG power in the right frontal and parietal
regions compared to those with low BIS attentional subscale score
(Fig. 4; Table 3). These regions included the angular gyrus, mid-
dle frontal gyrus, and inferior parietal lobule in the alpha band,
the precuneus and inferior frontal gyrus in the beta band; the
precuneus in the delta band; and the supramarginal gyrus in
the theta band. Reduced gamma MEG power was also observed
in the gamma band at trend-level significance (P=.09). In con-
trast, BPA and BIS scores did not affect MEG power differences for
individuals in the LR, CC, or MR groups.
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Figure 3. The band-specific, band-limited power of the MEG signals in individuals in the HR group who had experienced a recent suicidal crisis and

had varying levels of self-reported aggression.

Reduced resting-state MEG power was observed in individuals who had recently experienced a suicidal crisis (the HR group) and possessed high self-reported
aggression scores, as measured by the BPA scale, compared to individuals in the HR group with low self-reported aggression scores. Brain regions in the right
hemisphere showing reduced resting-state MEG power included (a) the angular gyrus (voxel-based corrected P=.02) and middle frontal gyrus (voxel-based
corrected P =.04) for the alpha band and (b) the inferior frontal gyrus (voxel-based corrected P=.04) and medial precuneus (voxel-based corrected P =.02) for the

beta band.

Electrophysiology—DCM results

DCM was used to examine effective connectivity in the five speci-
fied regions (lateral postcentral gyrus, precuneus, inferior frontal
gyrus, angular gyrus, and insula (i.e. the fully connected model,
Fig. 2a). Compared to the non-HR, LR, and CL groups, the HR group
showed downregulation of bidirectional AMPA feedback between
the lateral postcentral gyrus and insula and the lateral postcen-
tral gyrus and precuneus (posteriorp=1; Supplementary Table
S4). Based on the results, the right insula, precuneus, and lateral
postcentral gyrus were included in the follow-up analysis.

The reduced model with those three brain regions (insula,
precuneus, and postcentral gyrus) had three possible model archi-
tectures (Fig. 2c) that were compared to find the best-fitting
model. Model 1 provided the best fit; this model included fully
reciprocated feedforward and feedback connections between the
insula and lateral postcentral gyrus and between the insula and
precuneus (posteriorp=1; Fig. 2d and e). Using PEB to test for
group effects, the HR group showed downregulation of bidirec-
tional AMPA feedback between the insula and precuneus (pos-
teriorp>.95; Table 4). Individuals in the HR group also showed
downregulation of AMPA feedback from the insula to the pre-
cuneus (Est=-1.05, posteriorp =.993) and from the precuneus to
the insula (Est=-1.20, posteriorp = 1).

With regard to the role of impulsivity and aggression in the
context of the suicidal crisis, high total BIS scores were asso-
ciated with downregulation of AMPA feedback from the pre-
cuneus to the insula in the overall sample, regardless of group
(Est=-0.36, posteriorp =.994; Supplementary Table S5). In the HR
group, the association between high BIS total scores and down-
regulation of AMPA feedback from the precuneus to the insula

remained significant (Est=-0.31, posteriorp=.976). In addition,
participants in the HR group with high total BIS scores exhibited
upregulated AMPA feedback from the lateral postcentral gyrus to
the insula (Est=0.97, posteriorp =1). Interestingly, in the overall
sample, participants with high non-planning BIS subscale scores
showed downregulated AMPA feedback from the precuneus to
the insula compared to those with low non-planning BIS sub-
scale scores (Est=-0.32, posteriorp =.978) and the HR group only
(Est=-0.29, posteriorp = .954).

No significant differences in connectivity strength were
observed between the insula, precuneus, and lateral postcen-
tral gyrus based on the degree of aggression and reward-oriented
impulsivity, measured by the BPA (Supplementary Table S6) and
MCQ, respectively. However, significant glutamatergic connectiv-
ity among those brain regions was noted with the BART, another
reward-oriented and risk-taking impulsivity task (Supplementary
Table S7). In the overall sample of participants, high BART scores
were associated with upregulation of AMPA forward and feed-
back connectivity from the insula to the precuneus (Est=0.40,
posteriorp=.983) and from the lateral postcentral gyrus to the
insula (Est=0.30, posteriorp=.961), respectively. This suggests
that a tendency toward high risk-taking may be associated with
hyperactivity of the sensory/emotion-regulating brain regions. In
the HR group, individuals with high BART scores had upregu-
lated AMPA forward connectivity from the insula to the precuneus
(Est=0.42, posteriorp =1), upregulated AMPA feedback from the
insula to the lateral postcentral gyrus (Est=0.35, posteriorp =1),
and upregulated AMPA feedback from the lateral postcentral
gyrus to the insula (Est=0.33, posteriorp = 1) compared to those
with low BART scores.
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(a) delta

(b) theta

+4.00

(d) beta
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Figure 4. The band-specific, band-limited power of the MEG signals in individuals in the HR group who had experienced a recent suicidal crisis and

had varying levels of attentional self-reported impulsivity (BIS attentional).

Reduced resting-state MEG power was observed in individuals who had recently experienced a suicidal crisis (the HR group) and had high self-reported
attentional impulsivity scores, as estimated by the attentional subscales of the Barratt Impulsivity Scale (BIS), compared to individuals in the HR group with low
self-reported impulsivity scores. Brain regions in the right hemisphere showing reduced resting-state MEG power included (a) the precuneus (voxel-based
corrected P =.04) for the delta band, (b) the supramarginal gyrus (voxel-based corrected P=.02) for the theta band, (c) the angular gyrus (voxel-based corrected
P=.01), middle frontal gyrus (voxel-based corrected P=.01), and inferior parietal lobule (voxel-based corrected P =.02) for the alpha band, (d) the precuneus
(voxel-based corrected P=.01) and inferior frontal gyrus (voxel-based corrected P=.01) for the beta band, and (e) the postcentral gyrus (voxel-based corrected

P=.09) for the gamma band.

Table 4. Results of the DCM analysis using Model 1.

Extrinsic connectivity vs. LR, CC, and MR groups vs. LR group vs. CC and MR groups
Glutamatergic Parameter Posterior Parameter Posterior Parameter Posterior
connectivity From To estimation probability estimation probability estimation probability
AMPA feedback INS PCG 0.21 481 0.44 .686
AMPA feedback  INS PRE -1.1 .993 -0.97 1 -1.14 1
AMPA feedback PCG INS 0.81 915 -0.70 922 -1.04 .993
AMPA feedback  PRE INS -1.20 1 -1.09 1 -1.25 1

Abbreviations: INS: insula; PRE: precuneus; PCG: postcentral gyrus.

Discussion

This study used MEG and DCM to investigate aggression and
impulsivity as potential neurobiological markers of the suicidal
crisis. Individuals who experienced a recent suicidal crisis had
higher depression, anxiety, and self-reported impulsivity/aggres-
sion scale scores than the comparison groups. Contrary to our
expectations, no significant main effects were noted with regard
to source-level MEG power when comparing those who had expe-
rienced a recent suicidal crisis to those who had a past—but
no recent—history of suicide attempts or the two groups with
no history of suicidal behaviors. However, those experiencing a
recent suicidal crisis exhibited a negative association between
self-reported aggression and impulsivity levels and source-level
MEG power in brain regions involved in sensory/emotion reg-
ulation. These regions includes portions of the default mode
network (DMN)—the precuneus, postcentral gyrus, and inferior
frontal gyrus (Ordaz et al. 2018, Chin Fatt et al. 2021)—as well
as the dorsal attention network (DAN) (Mehta et al. 2023), such
as the angular gyrus. In addition, our DCM analysis found AMPA-
mediated glutamatergic downregulation between the insula and

precuneus, specifically in the HR group, indicating a lack of top-
down attention/emotion regulation that could contribute to the
association between impulsivity and suicide risk.

Interestingly, individuals with high scores on the BART task
had AMPA-mediated glutamatergic upregulation from the insula
to the precuneus and between the insula and lateral postcentral
gyrus, suggesting heightened sensitivity to sensory information
processing in the brain and its connection to risk-taking. However,
no such connection was observed with the MCQ, another assess-
ment of impulsive risk-taking. This discrepancy underscores the
inconsistent relationship between different impulsivity matrices
and the suicidal crisis and may hint at the heterogeneity of
features and behavioral manifestations associated with impulsiv-
ity. No significant relationship was observed between aggression
and glutamatergic affect connectivity among sensory/emotion-
regulating brain regions.

A correlation was also observed between self-reported aggres-
sion and impulsivity, suggesting a shared individual trait related
to suicide risk. These preliminary findings also support the pres-
ence of a neurobiomarker related to aggression in individuals with



a recent suicidal crisis, as evidenced by less source-level MEG
power in brain regions responsible for sensory/emotion regula-
tion within the DMN. These findings differ from those observed
in previously identified aggression-related brain regions, such
as decreased top-down processing in the prefrontal cortex and
increased activity in the limbic system, including the amygdala
and cingulate gyrus (Siever 2008, Alegria et al. 2016). The find-
ings also suggest a negative correlation between self-reported
impulsivity and source-level resting-state MEG power in the sen-
sory/emotion-regulating brain regions, specifically within the
DMN, echoing our observations regarding self-reported aggres-
sion.

The reduced resting-state MEG power observed here in con-
junction with high self-reported impulsivity and aggression scores
in individuals who experienced a recent suicidal crisis suggests
that the suicidal crisis may be linked to dysregulated brain cir-
cuitry in several key areas related to the somatosensory system,
including (i) inhibition and attentional control (inferior frontal
gyrus, middle frontal gyrus, angular gyrus, and precuneus; Hamp-
shire et al. 2010, Japee et al. 2015, Aryutova et al. 2021); (ii)
sensory perception (postcentral gyrus; DiGuiseppi and Tadi 2023);
(iii) sensory integration and its relationship to motor behavior and
memory (supramarginal gyrus, angular gyrus, and precuneus;
Brechet et al. 2018, Aryutova et al. 2021); (iv) higher-order func-
tioning (superior parietal lobule and precuneus; Cavanna and
Trimble 2006, Alahmadi 2021); and (v) emotion regulation (infe-
rior frontal gyrus, postcentral gyrus, angular gyrus, and insula;
Kropf et al. 2019, Moon et al. 2022, Chan et al. 2023). Dysregula-
tion in the somatosensory system might negatively affect cogni-
tion, including attentional shifting (Fiebelkorn and Kastner 2019),
sensation-seeking, and risk-taking (Gable et al. 2015). Accurate
risk assessment, mediated by the insula and precuneus, could
also be impaired (Alacreu-Crespo et al. 2020). These cognitive
impairments could affect how sensory information is regulated,
potentially contributing to poor risk assessment of the suicide
attempt or its consequences. These intriguing preliminary results
suggest that cognitive deficits are key to suicidal processes and
that additional research is needed to understand the relationship
between the temporal dynamics of suicide risk, aggression, impul-
sivity, and the attention/emotion-regulating system (Minzenberg
et al. 2015).

No connection was observed between aggression and gluta-
matergic connectivity in the sensory input and sensory/emotion-
regulating regions, suggesting that neurotransmitters beyond glu-
tamate might play a role in driving aggression and its connection
to suicidal behavior. Serotonin deficiency in emotion-regulating
brain regions, such as the prefrontal and anterior cingulate cor-
tices, has been associated with aggression (Olivier 2004, Seo et al.
2008). Other neurotransmitters like dopamine, epinephrine, and
norepinephrine could also act as biomarkers for aggression via
oxidative stress regulation (Miczek et al. 2002, Patki et al. 2015).
Testosterone, a male sex hormone, has been linked to aggression
and might influence suicidal behaviors (Stefansson et al. 2016).
Future research is needed to clarify these relationships.

In contrast, although reward-oriented impulsivity tasks (BART
and MCQ) were not confirmed as neurobiomarkers for a recent
suicidal crisis based on source-level resting-state MEG power
in the present study, a relationship was nevertheless observed
between glutamatergic connectivity and impulsivity on the BART.
High risk-taking/reward-seekingled to increased sensory process-
ing and regulation, indicated by positive AMPA effective connec-
tivity between the lateral postcentral gyrus and the insula, as well
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as from the insula to the precuneus. Increased sensory process-
ing and regulation were more prominent in the HR group than in
the other groups. These findings suggest that high risk-taking, as
assessed by the BART, was positively associated with somatosen-
sory processing, especially in those with a recent suicidal crisis.
While acknowledging the poor internal consistency between the
BART and MCQ reported here, it should be noted that the BART
may not be an optimal measure for capturing general impulsivity,
especially considering its moderate to poor test-retest reliability
in estimating brain activity (Korucuoglu et al. 2020, Li et al. 2020);
instead, it may better capture risk-taking propensity.

Risk-taking might lead to hyposensitivity to somatosensory
cues like pain (Cummins et al. 2021), particularly in those at
risk for suicide (Van Heeringen 2018, Miglani et al. 2021). How-
ever, the relationship between risk-taking and suicidal behaviors
remains unclear; while some studies found a link (Dougherty et al.
2009, Li et al. 2021), others found no such association, partic-
ularly during a suicidal crisis (Cole et al. 2019, Dillahunt et al.
2022). Future studies investigating this relationship and its neuro-
biomarkers should consider temporal dynamics surrounding the
suicidal event.

Our DCM analysis found decreased AMPA-mediated gluta-
matergic connectivity between the insula and precuneus in the
overall sample of participants and those with a recent suicidal
crisis specifically. The insula is linked to interoception, emo-
tion, learning, and value functioning (Namkung et al. 2017, Frey
and McCabe 2020, Deng et al. 2021, Olvera and Miranda 2022),
while the precuneus is responsible for consciousness, higher-
order functioning, episodic memory retrieval, and social decision-
making (Cavanna and Trimble 2006, Dubey et al. 2020). Down-
regulation of connectivity between these regions could influence
somatosensory regulation, which may in turn downregulate emo-
tional and cognitive functions.

Our study also identified no significant AMPA- or NMDA-
mediated connectivity differences based on recent suicidal crisis
and delay discounting impulsivity, as assessed by delay discount-
ing scores derived from the MCQ. This finding is consistent with
research showing weak or no links between delay discounting
impulsivity and suicide (Bridge et al. 2015, McHugh et al. 2019).
The discrepancy between the two risk-taking impulsivity mea-
sures in estimating suicide risk might be due to learning factors
in the tasks (Ballard and McClure 2019). Additional research is
needed to define various categories of impulsivity and investigate
latent learning factors in the context of suicide research.

Although these preliminary findings are intriguing, several lim-
itations bear mention. First, the sample size was relatively small,
especially for the HR group, suggesting that our findings may
not be generalizable to other populations; a larger longitudinal
study is needed to validate these results. Second, resting-state
MEG power was used to measure brain activity and connectiv-
ity characteristics at rest. However, this method cannot capture
neurobiological changes that may have occurred in response to
an ongoing event that induced aggression or impulsivity. Future
studies could mitigate this limitation by using task-oriented or
real-time measurement of neurobiomarkers associated with sui-
cide risk. Third, while most of our participants had a diagnosis of
major depressive disorder (MDD), a subset were diagnosed with
bipolar disorder. The primary diagnosis (bipolar disorder vs. MDD)
could potentially have influenced the relationship between the
recency of suicidal events, neural electricity, and aggression, as
well as impulsivity. Fourth, participants either abstained from
or were maintained on medications during the study based on
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clinicians’ decisions; these ongoing medications may have intro-
duced complexity into the observed relationships. Fifth, lifestyle
factors, including smoking, alcohol consumption, and substance
use, could indirectly modulate these relationships. These factors
warrant consideration in future research.

Despite these limitations, the findings provide valuable
insights into the relationship between the recent suicidal crisis
and aggression and impulsivity as neurobiological markers, as
measured through electrophysiological signals, and highlight the
potential usefulness of studying electrophysiological activity and
connectivity in suicide research.

Conclusion

This study examined the relationship between aggression,
impulsivity, suicide risk, and brain regions involved in sen-
sory/emotional regulation. The preliminary findings suggest that
aggression and impulsivity may contribute to reduced activ-
ity and effective connectivity within brain regions associated
with sensory/emotional regulation brain regions in individu-
als who recently experienced a suicidal crisis. The findings
thus underscore the importance of temporal dynamics in neu-
robiological suicide research. In this context, different types
of impulsivity may influence the direction of glutamatergic
connectivity between the precuneus and insula, as observed
here in individuals who recently experienced a suicidal cri-
sis. Understanding the nonlinear relationship between aggres-
sion, impulsivity, and suicide risk through these specific neuro-
biomarkers holds promise for predicting and preventing suicide
attempts.
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