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ABSTRACT

Aggression is increasingly recognized as a multisystem biophysical process arising from
dynamic interactions between neural activation patterns and physiological arousal responses.
This study investigates the integrated pathways underlying aggression by combining a
conceptual neuroscience framework with a simulated multimodal dataset reflecting neural,
autonomic, and endocrine activity. Simulated findings showed that heightened amygdala
activation, reduced prefrontal cortex (PFC) regulation, and weakened amygdala—PFC
connectivity significantly predicted aggressive tendencies. Physiological indicators including
low heart rate variability (HRV), elevated electrodermal activity (EDA), and increased
cortisol reactivity also contributed uniquely to aggression. The integrated biophysical model
accounted for 58% of the variance in aggression, demonstrating stronger explanatory power
than neural-only or physiology-only models. These results highlight that aggression emerges
from concurrent dysregulation across limbic, regulatory, and autonomic systems. The study
underscores the importance of multimodal assessment and integrated intervention strategies
targeting both neural regulation and physiological arousal management. Future research
should incorporate real-time neural-autonomic measures to validate these findings and
further clarify the biological mechanisms driving aggressive behavior.
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drawing significant attention across neuroscience, psychology, psychiatry, and

behavioral biology. It is broadly understood as a set of actions or intentions aimed at
causing harm, either reactively in response to a perceived threat or proactively as a goal-
directed strategy. Despite extensive theoretical and behavioral work, the underlying
biophysical mechanisms driving aggressive responses are less clearly articulated.
Contemporary research increasingly emphasizes that aggression is not merely a
psychological or social phenomenon but a multilevel biological process involving intricate
interactions between neural activation patterns, autonomic arousal, and endocrine
functioning (Fanning et al., 2023; Rosell & Siever, 2023).

ﬁ ggression remains one of the most widely examined yet complex human behaviors,
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Neuroscientific evidence consistently highlights that aggressive behavior emerges from
dysregulation within core neural circuits responsible for emotional reactivity, cognitive
control, and threat detection. Specifically, hyperactivation of limbic structures such as the
amygdala, coupled with insufficient top-down regulation from prefrontal regions, has been
identified as a central pathway contributing to impulsive and reactive aggression (da Cunha-
Bang et al, 2022). Concurrently, a growing body of research demonstrates that
physiological arousal systems including the autonomic nervous system (ANS) and the
hypothalamic—pituitary—adrenal (HPA) axis play essential roles in shaping the intensity and
expression of aggressive responses (Lovallo, 2021; Montoya et al., 2022). These systems
modulate cardiovascular responses, stress hormone levels, electrodermal activity, and
metabolic processes that prepare the body for defensive or confrontational behavior.

Understanding aggression therefore requires a biophysical perspective, one that integrates
neural activation with peripheral physiological processes rather than considering these
systems independently. Emerging models emphasize that aggression arises from dynamic
interactions between brain networks and bodily arousal mechanisms. For example,
heightened sympathetic activation can amplify the emotional salience of perceived threats,
leading to stronger amygdala responses and reduced regulatory control from the prefrontal
cortex (Morales et al., 2021). Similarly, abnormal cortisol reactivity may alter sensitivity to
provocation or frustration, increasing the likelihood of aggressive outbursts (Bohnke et al.,
2023).

Despite these advances, there remains a need for comprehensive frameworks that synthesize
neural and physiological pathways into a unified explanatory model. Existing studies often
examine neural activation or physiological arousal in isolation, resulting in fragmented
interpretations of aggression. This research aims to address this gap by exploring
biophysical pathways of aggression through an integrated conceptual approach supported by
simulated empirical data. The goal is to clarify how specific neural activation patterns
interact with physiological arousal profiles to produce aggressive tendencies. By combining
contemporary neuroscientific evidence with an analytical simulation of neural and
physiological responses, this study contributes to a more holistic understanding of
aggression's biological foundations. Such a framework is essential not only for advancing
theory but also for informing clinical interventions, early identification of risk factors, and
the development of targeted prevention strategies. As aggression continues to have profound
social and psychological consequences, advancing its biophysical understanding remains a
pressing scientific priority.

LITERATURE REVIEW

Aggression is increasingly understood as a biophysical process influenced by interacting
neural, endocrine, and autonomic systems. Rather than functioning as an isolated behavioral
trait, aggression emerges from coordinated activity across emotion-reactive brain regions,
stress-regulation pathways, and physiological arousal systems. This section summarizes
current evidence on the neural, hormonal, and autonomic mechanisms that shape aggressive
behavior.

Neural Systems Underlying Aggression

Amygdala Hyperreactivity

The amygdala plays a central role in threat detection and emotional reactivity. Individuals
with heightened aggression consistently show increased amygdala activation when exposed
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to provocative or ambiguous stimuli (da Cunha-Bang et al., 2022; Rosell & Siever, 2023).
This hyperreactivity can cause neutral cues to be perceived as threatening, thereby
increasing emotional arousal and aggressive reactions (Morales et al., 2021).

Prefrontal Cortex (PFC) Regulation

The prefrontal cortex regulates impulse control and decision-making. Reduced activation in
dorsolateral and ventromedial PFC regions is strongly associated with impulsive and
reactive aggression (Fanning et al., 2023; McLaughlin et al., 2022). Weak connectivity
between the PFC and amygdala further contributes to difficulty regulating emotional
impulses (Rosell & Siever, 2023).

Anterior Cingulate Cortex (ACC)
The ACC supports conflict monitoring and emotional adjustment. Lower ACC activation is

linked to poor anger regulation and hostile interpretation of social cues (Montoya et al.,
2022).

Insula Function

The insula integrates bodily sensations with emotional states. Overactivation heightens
sensitivity to internal arousal, causing individuals to misinterpret physiological reactions as
signals of anger or threat (Craig, 2021; Morales et al., 2021).

Neuroendocrine Mechanisms of Aggression

HPA Axis and Cortisol

Cortisol plays a major role in stress regulation. Aggressive individuals show inconsistent
cortisol responses either heightened or blunted both reflecting dysregulation of emotional
and stress systems (Bohnke et al., 2023). High cortisol increases emotional intensity, while
low cortisol is linked to under arousal and proactive aggression.

Testosterone

Recent research emphasizes hormonal interactions over single-hormone effects. High
testosterone combined with low cortisol more strongly predicts reactive anger and
confrontation (Denson et al., 2021).

Autonomic Nervous System (ANS) and Physiological Arousal

Sympathetic Activation

Aggressive individuals often exhibit elevated sympathetic arousal, shown through increased
heart rate, muscle tension, and electrodermal activity, even under mild stress (Lovallo, 2021;
Estrella et al., 2022).

Heart Rate Variability (HRV)
Low HRYV reflects poor parasympathetic regulation and is a reliable biomarker of emotional
dysregulation and aggression risk (Beauchaine et al., 2022).

Electrodermal Activity (EDA)

Heightened EDA during provocation tasks indicates increased emotional arousal and
predicts aggression escalation, especially when prefrontal regulation is weak (Montoya et
al., 2022).
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Integrative Biophysical Models

Limbic—Prefrontal Imbalance

Aggression arises when hyperactive limbic regions overpower reduced prefrontal control.
Weak amygdala—PFC connectivity has been repeatedly linked to aggressive behavior
(McLaughlin et al., 2022).

Neurovisceral Integration Framework

This model links HRV with neural regulation, proposing that low HRV impairs emotional
control and increases aggression (Beauchaine et al., 2022).

Biopsychosocial-Physiological Integration

Recent models argue that aggression results from simultaneous neural hyperreactivity,
hormonal dysregulation, and heightened autonomic arousal (Rosell & Siever, 2023).

Gaps in the Literature

Key gaps include:

. Most studies focus on single biological systems instead of integrated pathways.
Real-time neural-physiological interactions remain underexplored.

Synchrony across systems (e.g., cortisol-amygdala coupling) is rarely measured.
Multimodal approaches using EEG, fMRI, HRV, and endocrine markers are limited.
Few studies use simulation or computational modeling to unify findings.

N

The present research addresses these gaps by proposing an integrated biophysical model of
aggression that combines neural activation and physiological arousal dynamics.

METHODOLOGY

Research Design

This study used a conceptual empirical hybrid design combining recent biological
aggression research with a simulated dataset. The simulation modeled realistic neural and
physiological responses observed in contemporary aggression studies (Han et al., 2023).
This approach allowed examination of integrated biophysical pathways without collecting
human data.

Participants

A simulated sample of 120 adults (ages 18-35; balanced by gender) was generated to reflect
typical aggression-research populations. The simulated values were based on statistical
distributions derived from recent psychophysiological and neuroimaging studies (Waller et
al., 2021).

Measures
Neural Activation
Simulated fMRI-based activation coefficients included:
e Amygdala activation (threat reactivity),
o Prefrontal cortex (PFC) activation (inhibitory control),
e Anterior cingulate cortex (ACC) activation (conflict monitoring),
e Amygdala—PFC connectivity.

Physiological Arousal

Simulated values reflected:
o Heart Rate Variability (HRV) for parasympathetic flexibility,
e Electrodermal Activity (EDA) for sympathetic arousal,
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e Cortisol reactivity for HPA-axis response,
e EMG activity during provocation.

Aggression Measure
Aggression tendencies were modeled using the Buss—Perry Aggression Questionnaire
(BPAQ), a widely validated aggression scale (Sugie et al., 2023).

Procedure
The simulated experiment followed three phases:
1. Baseline: Resting HRV, cortisol, and neural activation recorded.
2. Provocation Task: Modeled after the Taylor Aggression Paradigm, generating
increased arousal and emotional reactivity (Fanning et al., 2023).
3. Post-provocation: Physiological and neural measures recorded again.

Data Analysis
Analyses included:
e Pearson correlations,
e Hierarchical regressions (neural-only, physiology-only, integrated model),
o Functional connectivity estimates.
This analytic structure reflects current multimodal approaches in aggression neuroscience
(Han et al., 2023).

RESULTS

This section presents findings derived from the simulated dataset designed to reflect
empirically established neural and physiological patterns associated with aggression.
Analyses included descriptive statistics, bivariate correlations, regression modeling, and
functional connectivity estimates. Together, these analyses offer insight into how neural
activation and physiological arousal jointly predict aggressive tendencies.

Descriptive Statistics

Descriptive results were generated for all neural, physiological, and behavioral variables
(Table 1). Amygdala activation and EDA showed the largest increases from baseline to
provocation, whereas HRV showed a marked decrease, consistent with high physiological
arousal during emotionally charged or threatening conditions. Cortisol levels rose modestly,
suggesting a typical stress-response pattern seen in aggression paradigms (Bohnke et al.,
2023).

Table 1 Descriptive Statistics for Neural, Physiological, and Aggression Measures (N =

120)

Variable Mean SD Min Max
Amygdala Activation (p coefficient) 0.78 0.21 0.30 1.20
PFC Activation (P coefficient) —0.42 0.18 —0.80 0.10
ACC Activation 0.33 0.12 0.05 0.60
HRYV (RMSSD, ms) 24.1 7.5 10.0 39.0
EDA (nS) 6.84 1.90 3.1 10.3
Cortisol Change (ng/dL) 0.19 0.11 —0.02 0.45
Aggression Score (BPAQ) 78.3 14.7 45 110

© The International Journal of Indian Psychology, ISSN 2348-5396 (e)| ISSN: 2349-3429 (p) | 2537



Biophysical Pathways of Aggression: Understanding Neural Activation and Physiological Arousal
Patterns

As expected, higher aggression scores were generally associated with:
e higher amygdala activation
e lower PFC activation
e lower HRV
e higher EDA
e greater cortisol reactivity

These trends mirror empirical findings in aggressive populations (Fanning et al., 2023;
Montoya et al., 2022).

Correlation Analysis

Pearson correlations revealed significant relationships among neural activation patterns,
physiological responses, and aggression (Table 2). The strongest correlation emerged
between amygdala activation and aggression (r = .61, p < .001). PFC activation correlated
negatively with aggression (r = —48, p < .001), indicating diminished regulatory control
among highly aggressive individuals. HRV showed a moderate negative correlation
(r=-.52, p <.001), consistent with reduced parasympathetic regulation.

Table 2 Correlation Matrix for Neural, Physiological, and Aggression Measures

Variable 1 2 3 4 5 6
1. Aggression —

2. Amygdala Activation O1** —

3. PFC Activation —.48** —.43%* —

4. HRV —.52%* —.40%* 36%* —

5. EDA AT** S0** —.20%* —45%* —

6. Cortisol Change 33* 31* —.22% —.30%* 28**

Note. p <.05*%, p <.01.

Overall, these correlations support the hypothesis that aggressive tendencies emerge from
combined neural hyperreactivity, lowered executive functioning, and elevated autonomic
arousal.

Regression Analysis: Predictors of Aggression
Three hierarchical regression models were constructed to determine the predictive value of
neural, physiological, and integrated biophysical variables.

Model 1: Neural Predictors Only
Amygdala, PFC, and ACC activation collectively explained 42% of the variance in
aggression, F (3, 116) = 28.22, p <.001.

e Amygdala activation was the strongest predictor (f = .51, p <.001).

e PFC activation was a significant negative predictor (B =—.33, p <.01).

e ACC activation contributed modestly (B =—.12, p =.08).

Model 2: Physiological Predictors Only

HRYV, EDA, and cortisol explained 36% of the variance, F(3, 116) =22.14, p <.001.
e HRYV emerged as a strong negative predictor (f =—.41, p <.001).
o EDA significantly predicted aggression (f = .34, p <.01).
o Cortisol was a weaker but significant predictor (f = .19, p <.05).
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Model 3: Integrated Biophysical Model
When all predictors were combined, the model explained 58% of the variance, F(6, 113) =
26.01, p <.001—an improvement over neural-only and physiology-only models.
Significant predictors included:
e Amygdala activation (f = .39, p <.001)
e PFC activation (p =—.27, p <.01)
e HRV (B=-29,p<.01)
e EDA (B=.24,p<.01)

This integrated model supports modern theories suggesting that aggression arises from
simultaneous neural and physiological dysregulation (Rosell & Siever, 2023; Han et al.,
2023).

Functional Connectivity Results

Simulated functional connectivity estimates showed reduced amygdala—PFC coupling
(r = —.32) during provocation. Lower connectivity was associated with higher aggression
scores (r=—.41,p <.001).

This finding aligns with research demonstrating that aggressive individuals show weakened
regulatory pathways between emotion-generating and emotion-regulating brain regions
(McLaughlin et al., 2022).

Summary of Key Findings
The results provide strong support for an integrated biophysical model of aggression:
1. Neural activation patterns, especially heightened amygdala response and weakened
PFC inhibition, strongly predicted aggression.
2. Physiological arousal indicators—low HRYV, high EDA, elevated cortisol—were
significant standalone predictors.
3. When integrated, neural and physiological systems accounted for over half of the
variance in aggressive behavior.
4. Reduced amygdala—PFC connectivity reflected impaired regulatory control during
provocation.

These findings emphasize that aggression emerges from interactive, not isolated, biological
mechanisms.

DISCUSSION

The study examined how neural activation and physiological arousal jointly contribute to
aggression using an integrated conceptual-simulated model. The findings strongly support
the view that aggression is shaped by interactions between emotional reactivity systems in
the brain and autonomic and endocrine responses in the body.

Neural Contributors

Amygdala hyperactivation emerged as the strongest neural predictor of aggression,
consistent with research showing its role in threat sensitivity and emotional intensity (da
Cunha-Bang et al.,, 2022). Reduced prefrontal cortex (PFC) activation also predicted
increased aggression, indicating weakened top-down regulation. Lower amygdala—PFC
connectivity further supported the idea that impaired regulatory circuits contribute to
impulsive and reactive aggression (McLaughlin et al., 2022).
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Physiological Arousal

Lower heart rate variability (HRV) predicted higher aggression, reflecting reduced
parasympathetic regulation and emotional flexibility (Beauchaine et al., 2022). Elevated
electrodermal activity (EDA) indicated heightened sympathetic arousal during provocation,
supporting its link to emotional reactivity (Montoya et al., 2022). Cortisol increases showed
a modest association, suggesting that stress reactivity contributes to aggression but is less
central than autonomic and neural factors.

Integrated Biophysical Pathway

The integrated model explained 58% of the variance in aggression, highlighting the
combined influence of limbic hyperreactivity, weak executive control, autonomic
dysregulation, and stress hormone reactivity. These findings align with modern bio
psychophysiological frameworks that view aggression as a multisystem process rather than
the result of a single biological mechanism (Rosell & Siever, 2023).

Implications

The results suggest that interventions should target both neural regulation (e.g., cognitive
control training) and physiological regulation (e.g., HRV biofeedback). Multimodal
approaches may be more effective for reducing aggression than traditional single-domain
treatments. Future research should integrate real-time neural and physiological measures to
better capture dynamic interactions.

CONCLUSION

This study examined aggression through an integrated biophysical perspective,
demonstrating that aggressive behavior is shaped by the combined influence of neural
activation patterns and physiological arousal responses. The findings highlight three key
mechanisms: heightened amygdala reactivity, reduced prefrontal regulatory control, and
increased autonomic arousal reflected in low HRV and elevated EDA. When considered
together, these systems explained a substantial portion of aggression tendencies, supporting
contemporary models that view aggression as a multisystem interaction rather than a single-
source phenomenon. The simulated results reinforce the importance of examining
aggression through coordinated neural and physiological pathways. They suggest that
interventions may be most effective when they target both emotional regulation at the neural
level and physiological regulation through stress and arousal management. Although the
study used simulated data, the patterns align closely with recent empirical findings and offer
a foundation for future multimodal research that incorporates real-time neural, hormonal,
and autonomic measures. Overall, the study contributes to a growing body of evidence that
aggression is a dynamic biophysical process. Understanding how neural and physiological
systems co-activate during provocation can inform more precise prevention strategies, early
risk identification, and integrated clinical interventions.
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