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Abstract

:

Serotonergic neurotransmission has been associated with aggression in several psychiatric disorders. Human aggression is a continuum of traits, ranging from normal to pathological phenomena. However, the individual differences in serotonergic neurotransmission and their relationships with aggression traits in healthy individuals remain unclear. In this study, we explored the relationship between 5-HT2A receptor availability in vivo and aggression traits in healthy participants. Thirty-three healthy participants underwent 3-Tesla magnetic resonance imaging and positron emission tomography (PET) with [11C]MDL100907, a selective radioligand for 5-HT2A receptors. To quantify 5-HT2A receptor availability, the binding potential (BPND) was derived using the basis function implementation of the simplified reference tissue model, with the cerebellum as the reference region. The participants’ aggression levels were assessed using the Buss–Perry Aggression Questionnaire. The voxel-based correlation analysis with age and sex as covariates revealed that the total aggression score was significantly positively correlated with [11C]MDL100907 BPND in the right middle temporal gyrus (MTG) pole, left fusiform gyrus (FUSI), right parahippocampal gyrus, and right hippocampus. The physical aggression subscale score had significant positive correlations with [11C]MDL100907 BPND in the left olfactory cortex, left orbital superior frontal gyrus (SFG), right anterior cingulate and paracingulate gyri, left orbitomedial SFG, left gyrus rectus, left MTG, left inferior temporal gyrus, and left angular gyrus. The verbal aggression subscale score showed significant positive correlations with [11C]MDL100907 BPND in the bilateral SFG, right medial SFG, left FUSI, and right MTG pole. Overall, our findings suggest the possibility of positive correlations between aggression traits and in vivo 5-HT2A receptor availability in healthy individuals. Future research should incorporate multimodal neuroimaging to investigate the downstream effects of 5-HT2A receptor-mediated signaling and integrate molecular and systems-level information in relation to aggression traits.
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1. Introduction


Serotonergic neurotransmission has been implicated in impulsive and aggressive behaviors in animals and humans [1,2,3,4]. Most animal studies have reported that serotonergic neurotransmission is involved in the inhibitory control of interspecific or intraspecific aggression processes and behaviors [1,2]. In clinical studies, patients with personality disorders (PD) characterized by impulsivity and aggressiveness, i.e., borderline PD and antisocial PD, and those with intermittent explosive disorder showed significantly altered serotonergic neurotransmission, as revealed by positron emission tomography (PET) neuroimaging [5,6,7,8]. Collectively, the studies on patients with these specific PDs generally show findings supportive of perturbed serotonergic signaling being associated with pathologically increased impulsive and aggressive behaviors, although several studies including patients with past major depression [9,10] and comorbid alcohol dependence [11] did not find such associations. Interestingly, a recent comprehensive postmortem study of serotonergic markers in subjects with antisocial behaviors demonstrated significantly increased levels of serotonin 5-HT2A receptors but not of 5-HT1A, 5-HT1B, 5-HT2C, or 5-HT4 receptors [12].



Although aggressive behaviors are a common feature of borderline PD, antisocial PD, and several other psychiatric disorders, even healthy individuals can be at increased risk of such behaviors under certain conditions, such as when hatred and resentment are fueled by a variety of factors, e.g., economic inequality [13], interpersonal conflicts [14], and media exposure [15,16,17]. Previous studies have reported that symptoms in non-clinical groups that exhibit specific personality traits but do not fully meet the criteria for PDs, while they may not be as severe as those noted in PD groups, may still exhibit qualitatively similar traits [18,19]. Hence, based on these previous studies, aggressive behaviors are considered a continuum of traits, ranging from normal to pathological phenomena [20].



To date, individual differences in serotonergic neurotransmission in vivo and their relationships with aggression in healthy participant groups have been investigated in a few PET molecular imaging studies of 5-HT1A [21,22], 5-HT2A [23], and 5-HT4 [24] receptors. These studies have yielded some inconclusive results, although intra-synaptic serotonin deficiency was implied in studies showing positive correlations between postsynaptic serotonin receptor availability and aggression levels [22,24]. Several genetic association studies have shown relationships between 5-HT2A receptor polymorphisms and aggression traits in healthy individuals [25,26].



Aggression traits are multidimensional and composed of several subcomponents, such as physical aggression, verbal aggression, anger, and hostility [27]. These traits encompass affective, cognitive, and behavioral aspects. However, few studies on the relationship between serotonergic neurotransmission using PET and aggression traits in healthy individuals have investigated these separate subcomponents of aggression traits and their relationships with in vivo serotonergic markers.



Therefore, we aimed to explore the relationship between 5-HT2A receptor availability in vivo using PET with [11C]MDL100907, a radioligand that provides both high selectivity for 5-HT2A receptors and a high signal-to-noise ratio, and aggression traits (physical aggression, verbal aggression, anger, and hostility) in healthy individuals. We chose 5-HT2A receptor availability based on the findings of a recent postmortem study on comprehensive serotonergic markers in subjects with impulsive and aggressive behaviors [12] and preclinical studies in which 5-HT2A receptor modulation, particularly antagonism, demonstrated anti-aggressive effects in rodent models of aggression [28,29,30].




2. Results


The mean scores for the physical aggression, verbal aggression, anger, and hostility subscales were 13.3 ± 2.5, 9.0 ± 2.8, 9.6 ± 2.3, and 10.8 ± 2.2, respectively, and the mean total aggression score was 42.6 ± 6.5 (Table 1). The aggression scores were not significantly correlated with age (r = −0.13 to 0.21, p > 0.05). No significant sex differences were found in the verbal aggression, anger, and hostility subscale scores or in the total score (t = −0.74 to 1.78, p > 0.05); however, the physical aggression subscale score was significantly higher in males than in females (t = 3.31, p = 0.002).



The voxel-based correlation analysis with age and sex as covariates revealed that the total aggression score was significantly positively correlated with [11C]MDL100907 binding potential with respect to non-displaceable compartment (BPND) in the temporal pole of the right middle temporal gyrus (MTG) (uncorrected p < 0.0001), left fusiform gyrus (FUSI) (uncorrected p < 0.0001), right parahippocampal gyrus (PHG) (uncorrected p = 0.0001), and right hippocampus (HIP) (uncorrected p = 0.0001). The physical aggression subscale score had significant positive correlations with [11C]MDL100907 BPND in the left olfactory cortex (uncorrected p < 0.0001), orbital part of the left superior frontal gyrus (SFG) (uncorrected p < 0.0001), right anterior cingulate and paracingulate gyri (uncorrected p < 0.0001), medial orbital part of the left SFG (uncorrected p = 0.0001), left gyrus rectus (GR) (uncorrected p = 0.0003), left inferior temporal gyrus (ITG) (uncorrected p < 0.0001), left MTG (uncorrected p < 0.0001), and left angular gyrus (AG) (uncorrected p = 0.0001). The verbal aggression subscale score was significantly positively correlated with [11C]MDL100907 BPND in the medial part of the right SFG (uncorrected p < 0.0001), left FUSI (false discovery rate (FDR)-corrected p = 0.028), bilateral SFG (left: uncorrected p < 0.0001, right: uncorrected p = 0.0001), and temporal pole of the right MTG (uncorrected p < 0.0001). The scores on the anger and hostility subscales did not show significant correlations with [11C]MDL100907 BPND at the significance threshold. Details of the results are presented in Figure 1 and Table 2. Moreover, scatter plots showing the correlations between the aggression scores and [11C]MDL100907 BPND values in the clusters with statistical significance are shown in Figure 2.



We further conducted a supplementary region-of-interest (ROI)-based correlation analysis between the aggression scores and [11C]MDL100907 BPND in automated anatomical labeling (AAL) [31] atlas-based brain regions containing clusters that reached statistical significance in the voxel-based correlation analysis. The analysis showed that the total aggression score was positively correlated with [11C]MDL100907 BPND in the temporal pole of the right MTG (r = 0.447, p = 0.012) and right HIP (r = 0.429, p = 0.016). The physical aggression subscale score had positive correlations with [11C]MDL100907 BPND in the orbital part of the left SFG (r = 0.425, p = 0.017), medial orbital part of the left SFG (r = 0.387, p = 0.032), and left GR (r = 0.444, p = 0.012). The verbal aggression subscale score also showed positive correlations with [11C]MDL100907 BPND in the temporal pole of the right MTG (r = 0.382, p = 0.034). No other correlations were observed at p < 0.05. Details of these results are shown in Supplementary Figure S1.




3. Discussion


In this study, we found that human aggression traits were significantly positively associated with 5-HT2A receptor availability, particularly in the prefrontal cortical regions. Notably, physical and verbal aggression traits had significant positive correlations with 5-HT2A receptor availability in the orbital and medial prefrontal regions. These results are in line with the findings of a recent comprehensive postmortem study that reported significant elevations of 5-HT2A receptor levels in the orbital prefrontal cortex of individuals with antisocial behaviors [12]. Our results also support previous findings showing significant positive correlations between irritability scores and prefrontal 5-HT2A receptor availability in intermittent explosive disorder [6]; however, our participants were all healthy individuals who did not exhibit pathologically increased aggression.



Our in vivo PET molecular imaging findings suggest that altered serotonergic neurotransmission in higher cortical regions, especially in the prefrontal cortex, may play a significant role in aggression traits in healthy individuals. These findings are in accordance with the results of genetic association studies, which revealed that 5-HT2A receptor polymorphisms in the promoter and coding regions are associated with aggressive behaviors [26,32,33] and that 5-HT2A receptor polymorphisms associated with aggression showed an increased number of 5-HT2A receptor binding sites in the brain [34] and blood [35].



We also found significant positive correlations between human aggression traits and 5-HT2A receptor availability in the right HIP and right PHG. The HIP is one of the brain regions that make up the aggression-related neural network [36], which plays an important role in the regulation of aggressive behaviors [37,38]. Several clinical studies have demonstrated hippocampal dysfunction in subjects with antisocial and violent behaviors [38,39], and two PET studies have shown elevated hippocampal 5-HT2A receptor levels in patients with borderline PD [40,41]. The medial temporal lobe, which includes both the HIP and PHG, has also been shown to exhibit metabolic abnormalities in individuals with aggression [42]. The temporal pole of the MTG and ITG is also one of the brain regions involved in aggressive behaviors [43] and has been linked to vulnerability to violence and aggression [44]. This relationship is supported by previous clinical studies demonstrating aggressive behaviors in patients with tumors in the temporal lobe [45] and temporal lobe epilepsy [46]. In addition to these previous reports, our PET molecular imaging study suggests that 5-HT2A receptor availability in the temporal lobe may play an important role in human aggression.



Notably, the verbal aggression subscale score was significantly positively correlated with 5-HT2A receptor availability in the FUSI at an FDR-corrected threshold of p < 0.05. This finding is in accordance with the results of a previous functional MRI study using a script-driven imagery task, which demonstrated a large neural network associated with aggression, encompassing the prefrontal cortices, superior and middle temporal cortices, cingulate cortices, superior parietal cortex, middle occipital cortex, insula (INS), HIP, thalamus, and FUSI [47]. Our results support the notion that aggression-related behaviors are associated with neural connectivity in regions of cognitive control, affective salience, and visual networks, suggesting that 5-HT2A receptor-mediated signaling may play important roles in this circuitry.



The significant positive correlations between aggression traits and in vivo 5-HT2A receptor availability in our study are not in line with the findings of a previous PET study that showed no significant associations between frontal 5-HT2A receptor binding and aggression or impulsivity in healthy individuals [23]. Differences in the age range, ethnicity, rating scales, and radioligands used may account for the different results. Further molecular PET studies of the 5-HT2A receptors are warranted to confirm the involvement of 5-HT2A-mediated neurotransmission in aggression traits in diverse healthy populations.



The increased 5-HT2A receptor availability associated with high levels of aggression may be mediated via specific genetic polymorphisms [25,33,48], epigenetic factors [49], or regulation via neurotrophins such as brain-derived neurotrophic factors [50]. It is unclear whether increased postsynaptic 5-HT2A receptor availability reflects diminished synaptic serotonin levels. However, a previous PET study using a rapid tryptophan depletion paradigm demonstrated that [11C]MDL100907 binding does not compete with endogenous serotonin in humans [51]. In addition, as significant individual variations in the affinity of 5-HT2A receptors for the antagonist radioligand ([11C]MDL100907) are unlikely, the higher BPND in our study can generally be interpreted as being driven mainly by a higher Bmax and vice versa. In contrast, high postsynaptic 5-HT2A receptor binding may reflect compensatory upregulation owing to chronically low 5-HT2A receptor occupancy by low endogenous serotonin [52].



Previous PET imaging studies reported significantly elevated 5-HT2A receptor binding in patients with pathologically increased aggression [6,8]. Our results suggest that increased 5-HT2A receptor binding is also associated with human aggression personality traits in healthy individuals. Because 5-HT2A receptors are found in the cortical pyramidal cells, as well as in the subpopulation of inhibitory cortical interneurons, 5-HT2A receptors are involved in the regulation of the signal-to-noise ratio among cortical columns [53,54]. Hence, subtle changes in the 5-HT2A receptor density in the orbital prefrontal cortex may affect the assessment of internal and external stimuli [6]. Subsequently, in terms of neural circuitry, perturbed inhibitory prefrontal control over subcortical regions, including limbic areas, may induce exaggerated affective reactivity and emotional dysregulation, with effects such as enhanced aggression [3,4].



The interpretation of the results of this present study should be considered in light of certain limitations. Because personality traits may be driven by the composite effects of multiple genes and epigenetic factors, we note that a correlation between certain receptor availabilities and a personality trait does not mean that the neuroreceptor protein itself has a causal role or is a biomarker of that personality trait [55]. The range of aggression scores in healthy individuals is limited, which may limit the detection of significant correlations with 5-HT2A receptor availability [23]. Further, larger studies including patients with psychiatric disorders as the comparison groups and analyzing participants’ genetic polymorphisms in 5-HT receptors could provide a better interpretation of the current PET imaging results observed in healthy individuals. In our study, [11C]MDL100907 BPND was quantified using the basis function implementation of the simplified reference tissue model (SRTM); however, a two-tissue compartment model (2TCM) with arterial input function is optimal [51,56]. The arterial input kinetic model for 2TCM is measured using invasive methods such as radial artery cannulation, and the resulting discomfort might be a confounding factor and would also lead to limited recruitment of participants. Inaccuracies in determining the arterial input function can also be a source of bias in endpoint estimation [57]. Therefore, in our study, [11C]MDL100907 BPND values were obtained using the basis function implementation of the SRTM with the cerebellum as the reference region devoid of specific binding, as previously suggested for this tracer [51,58,59].




4. Materials and Methods


4.1. Participants


The study protocol was approved by the Institutional Review Board of the Gachon University Gil Medical Center, and all study procedures were conducted in accordance with international ethical standards and the Declaration of Helsinki. All participants were fully informed of the purpose and procedures of this study and provided written informed consent before participating in this study.



Thirty-three healthy participants (10 males and 23 females) with a mean age of 30.9 ± 8.3 years (range = 20–50 years) were enrolled in this study if they fulfilled all of the following criteria: (i) age between 19 years (legal adult age in South Korea) and 60 years, (ii) no past or current psychiatric disorders according to the Korean version of the Mini International Neuropsychiatric Interview (MINI) [60,61], (iii) no past or current substance dependence/abuse, (iv) no family history of psychiatric disorders, (v) no history of neurological or medical disorders, (vi) no past or current use of substances/medications known to affect the central nervous system, (vii) not pregnant on the date of the PET scan, and (viii) not meeting any exclusion criteria for magnetic resonance imaging (MRI) scan. The demographic and clinical characteristics of the participants are summarized in Table 1.




4.2. Clinical Assessment


Participants’ aggression traits were assessed using the Buss-Perry Aggression Questionnaire (BPAQ) [27]. The BPAQ is a 29-item questionnaire with each item rated on a 5-point scale from 1 to 5 and consists of four subscales: physical aggression, verbal aggression, anger, and hostility. Higher scores indicate more aggressive behaviors. In this study, we used the standardized Korean version of the BPAQ [62] and obtained individual subscale scores, as well as a total score.




4.3. Image Acquisition


All participants underwent scanning using a Biograph 6 PET scanner (Siemens Medical Imaging Systems, Knoxville, TN, USA) with [11C]MDL100907 (Neuroscience Research Institute, Gachon University, Incheon, Republic of Korea). A computed tomography-based transmission scan was conducted for attenuation correction prior to [11C]MDL100907 injection. After a bolus injection of 688.0 ± 52.5 MBq [11C]MDL100907 with an average molar activity of 65.0 ± 32.9 GBq/μmol (Table 1), emission data were obtained in dynamic mode for 90 min with 22 frames of the following durations: 4 × 30 s, 2 × 60 s, 2 × 90 s, 3 × 150 s, 3 × 210 s, 4 × 300 s, 3 × 600 s, and 1 × 900 s. The emission data were reconstructed using the two-dimensional ordered-subset expectation-maximization algorithm. The reconstructed PET frames had a voxel size of 1.33 × 1.33 × 1.50 mm3 and a matrix size of 256 × 256 × 109. These PET frames were corrected for attenuation, decay, detector dead time, random and scatter coincidences, and detector normalization.



Structural MRI data were obtained using a 3-Tesla MRI scanner (Magnetom Vida; Siemens Healthcare, Erlangen, Germany) with a three-dimensional T1-weighted magnetization-prepared rapid gradient echo sequence. This sequence entailed the following scan parameters: repetition time = 1800 ms, echo time = 2.61 ms, inversion time = 900 ms, flip angle = 10°, matrix size = 512 × 416, voxel size = 0.5 × 0.5 × 1.0 mm3, and number of slices = 176. During the PET and MRI scans, the participants’ heads were held as comfortably as possible, using sponges to minimize their head movement.




4.4. Image analysis


Image preprocessing was performed using Statistical Parametric Mapping 12 (SPM12; The Wellcome Centre for Human Neuroimaging, London, UK; www.fil.ion.ucl.ac.uk (accessed on 1 October 2014)). For motion correction within all reconstructed PET frames, realignment was performed according to a two-pass procedure. The first-pass realignment registered each frame to the first frame in the series. After this realignment, a mean PET image was computed. The second-pass realignment registered each frame from the first-pass alignment to the mean PET image. The structural MRI image was coregistered to the mean PET image derived from the realignment step using a 12-parameter affine transformation. Finally, the coregistered structural MRI images and the corresponding PET frames were spatially normalized using the Montreal Neurological Institute template.



Based on the parameter estimation by kinetic modeling implemented in the PMOD software v4.2 (PMOD Technologies Ltd., Zürich, Switzerland), the BPND image of [11C]MDL100907 was obtained using a basis function implementation of the SRTM [51,63,64] with cerebellar gray matter as the reference region, as suggested in previous PET studies on this radioligand [51,58,59]. Representative mean images of [11C]MDL100907 PET and structural MRI are shown in Figure 3.




4.5. Statistical Analysis


Several studies have shown that age and sex influence aggression [65,66,67] and 5-HT2A receptor availability [68,69]. Our study also found a significant difference in the physical aggression subscale score between men and women (p = 0.002) (Supplementary Table S1). Furthermore, a voxel-based correlation analysis showed that age was negatively correlated with [11C]MDL100907 BPND in widespread regions, including the precentral gyrus (PRE), postcentral gyrus, Rolandic operculum, frontal lobe, parietal lobe, occipital lobe, temporal lobe, limbic lobe, and INS, at a peak-level threshold of uncorrected p < 0.005 with an extent threshold of 20 voxels (Supplementary Table S2). A voxel-based between-sex comparison analysis also showed that males had higher [11C]MDL100907 BPND in the left PRE, right AG, right middle frontal gyrus, right putamen, right MTG, left PRE, and left FUSI (all p values ≤ 0.005) compared to females, and females had higher [11C]MDL100907 BPND in the right calcarine gyrus and right cuneus (all p values ≤ 0.005) compared to males (Supplementary Table S3).



Therefore, to investigate the relationship between aggression traits and [11C]MDL100907 BPND in the brain regions of healthy individuals, we performed a voxel-based partial correlation analysis with age and sex as covariates using SPM12. As our study was exploratory in nature, without a priori hypotheses, significant results were defined at a peak-level threshold of uncorrected p < 0.001 with an extent threshold of 20 voxels, which has been used as a statistical significance threshold in previous PET studies [70,71,72].





5. Conclusions


Our findings suggest the possibility of positive correlations between aggression traits and in vivo 5-HT2A receptor availability, as measured using [11C]MDL100907 PET, in specific cerebral regions in healthy individuals. Future research should incorporate multimodal neuroimaging to investigate the downstream effects of 5-HT2A receptor-mediated signaling and integrate molecular- and system-level information in relation to aggression traits.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/ijms242115697/s1.





Author Contributions


Conceptualization, J.-H.K. (Jong-Hoon Kim) and Y.-D.S.; methodology, J.-H.K. (Jeong-Hee Kim) and H.-K.K.; formal analysis, J.-H.K. (Jeong-Hee Kim) and H.-K.K.; investigation, J.-H.K. (Jong-Hoon Kim), J.-H.K. (Jeong-Hee Kim) and Y.-D.S.; resources, J.-H.K. (Jong-Hoon Kim) and Y.-D.S.; data curation, J.-H.K. (Jong-Hoon Kim) and J.-H.K. (Jeong-Hee Kim); writing—original draft preparation, J.-H.K. (Jeong-Hee Kim) and J.-H.K. (Jong-Hoon Kim); writing—review and editing, J.-H.K. (Jeong-Hee Kim), J.-H.K. (Jong-Hoon Kim) and Y.-D.S.; visualization, J.-H.K. (Jeong-Hee Kim) and H.-K.K.; supervision, Y.-D.S. and J.-H.K. (Jong-Hoon Kim); project administration, J.-H.K. (Jong-Hoon Kim) and Y.-D.S.; funding acquisition, J.-H.K. (Jong-Hoon Kim) and Y.-D.S. All authors have read and agreed to the published version of the manuscript.




Funding


This research was supported by the National Research Foundation (NRF) of Korea grant funded by the Korean government (MSIT), grant numbers NRF-2022R1A2C2009580 and NRF-2020R1A4A1019623.




Institutional Review Board Statement


This study was conducted in accordance with the Declaration of Helsinki and approved by the Institutional Review Board of the Gachon University Gil Medical Center (protocol code: GBIRB2020-275 and date of approval: 9 July 2020).




Informed Consent Statement


Not applicable, as no individual participant’s data are presented.




Data Availability Statement


The data presented in this study are available upon reasonable request from the corresponding authors.




Acknowledgments


The authors are grateful to all the participants who took part in this study. The authors thank the staff of the cyclotron facility and PET/MRI technologists at Gachon University Neuroscience Research Institute.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Manhães de Castro, R.; Barreto Medeiros, J.M.; Mendes da Silva, C.; Ferreira, L.M.; Guedes, R.C.; Cabral Filho, J.E.; Costa, J.A. Reduction of Intraspecific Aggression in Adult Rats by Neonatal Treatment with a Selective Serotonin Reuptake Inhibitor. Braz. J. Med. Biol. Res. 2001, 34, 121–124. [Google Scholar] [CrossRef] [PubMed]

	



Giammanco, M.; Tabacchi, G.; Giammanco, S.; Di Majo, D.; La Guardia, M. Testosterone and Aggressiveness. Med. Sci. Monit. 2005, 11, RA136–RA145. [Google Scholar]

	



da Cunha-Bang, S.; Knudsen, G.M. The Modulatory Role of Serotonin on Human Impulsive Aggression. Biol. Psychiatry 2021, 90, 447–457. [Google Scholar] [CrossRef]

	



Bortolato, M.; Pivac, N.; Seler, D.M.; Perkovic, M.N.; Pessia, M.; Di Giovanni, G. The Role of Serotonergic System at the Interface of Aggression and Suicide. Neuroscience 2013, 236, 160–185. [Google Scholar] [CrossRef]

	



Rylands, A.J.; Hinz, R.; Jones, M.; Holmes, S.E.; Feldmann, M.; Brown, G.; McMahon, A.W.; Talbot, P.S. Pre- and Postsynaptic Serotonergic Differences in Males with Extreme Levels of Impulsive Aggression without Callous Unemotional Traits: A Positron Emission Tomography Study Using 11C-DASB and 11C-MDL100907. Biol. Psychiatry 2012, 72, 1004–1011. [Google Scholar] [CrossRef]

	



Rosell, D.R.; Thompson, J.L.; Slifstein, M.; Xu, X.; Frankle, W.G.; New, A.S.; Goodman, M.; Weinstein, S.R.; Laruelle, M.; Abi-Dargham, A.; et al. Increased Serotonin 2A Receptor Availability in the Orbitofrontal Cortex of Physically Aggressive Personality Disordered Patients. Biol. Psychiatry 2010, 67, 1154–1162. [Google Scholar] [CrossRef]

	



Meyer, J.H.; Wilson, A.A.; Rusjan, P.; Clark, M.; Houle, S.; Woodside, S.; Arrowood, J.; Martin, K.; Colleton, M. Serotonin2A Receptor Binding Potential in People with Aggressive and Violent Behaviour. J. Psychiatry Neurosci. 2008, 33, 499–508. [Google Scholar]

	



da Cunha-Bang, S.; Hjordt, L.V.; Perfalk, E.; Beliveau, V.; Bock, C.; Lehel, S.; Thomsen, C.; Sestoft, D.; Svarer, C.; Knudsen, G.M. Serotonin 1B Receptor Binding Is Associated with Trait Anger and Level of Psychopathy in Violent Offenders. Biol. Psychiatry 2017, 82, 267–274. [Google Scholar] [CrossRef] [PubMed]

	



Frankle, W.G.; Lombardo, I.; New, A.S.; Goodman, M.; Talbot, P.S.; Huang, Y.; Hwang, D.-R.; Slifstein, M.; Curry, S.; Abi-Dargham, A.; et al. Brain Serotonin Transporter Distribution in Subjects with Impulsive Aggressivity: A Positron Emission Study with [11C]McN 5652. Am. J. Psychiatry 2005, 162, 915–923. [Google Scholar] [CrossRef] [PubMed]

	



van de Giessen, E.; Rosell, D.R.; Thompson, J.L.; Xu, X.; Girgis, R.R.; Ehrlich, Y.; Slifstein, M.; Abi-Dargham, A.; Siever, L.J. Serotonin Transporter Availability in Impulsive Aggressive Personality Disordered Patients: A PET Study with [11C]DASB. J. Psychiatr. Res. 2014, 58, 147–154. [Google Scholar] [CrossRef] [PubMed]

	



Brown, A.K.; George, D.T.; Fujita, M.; Liow, J.-S.; Ichise, M.; Hibbeln, J.; Ghose, S.; Sangare, J.; Hommer, D.; Innis, R.B. PET [11C]DASB Imaging of Serotonin Transporters in Patients with Alcoholism. Alcohol. Clin. Exp. Res. 2007, 31, 28–32. [Google Scholar] [CrossRef]

	



Braccagni, G.; Scheggi, S.; Bortolato, M. Elevated Levels of Serotonin 5-HT2A Receptors in the Orbitofrontal Cortex of Antisocial Individuals. Eur. Arch. Psychiatry Clin. Neurosci. 2023, 273, 411–425. [Google Scholar] [CrossRef] [PubMed]

	



Greitemeyer, T.; Sagioglou, C. Increasing Wealth Inequality May Increase Interpersonal Hostility: The Relationship between Personal Relative Deprivation and Aggression. J. Soc. Psychol. 2017, 157, 766–776. [Google Scholar] [CrossRef]

	



Bernards, S.; Graham, K. The Cross-Cultural Association Between Marital Status and Physical Aggression between Intimate Partners. J. Fam. Violence 2013, 28, 403–418. [Google Scholar] [CrossRef] [PubMed]

	



Bushman, B.J.; Huesmann, L.R. Short-Term and Long-Term Effects of Violent Media on Aggression in Children and Adults. Arch. Pediatr. Adolesc. Med. 2006, 160, 348–352. [Google Scholar] [CrossRef] [PubMed]

	



Anderson, C.A.; Bushman, B.J. Media Violence and the General Aggression Model. J. Soc. Issues 2018, 74, 386–413. [Google Scholar] [CrossRef]

	



Khurana, A.; Bleakley, A.; Ellithorpe, M.E.; Hennessy, M.; Jamieson, P.E.; Weitz, I. Media Violence Exposure and Aggression in Adolescents: A Risk and Resilience Perspective. Aggress. Behav. 2019, 45, 70–81. [Google Scholar] [CrossRef]

	



Korfine, L.; Hooley, J.M. Detecting Individuals with Borderline Personality Disorder in the Community: An Ascertainment Strategy and Comparison with a Hospital Sample. J. Pers. Disord. 2009, 23, 62–75. [Google Scholar] [CrossRef]

	



Fonseca-Pedrero, E.; Paino, M.; Lemos-Giráldez, S.; Sierra-Baigrie, S.; González, M.P.G.-P.; Bobes, J.; Muňiz, J. Borderline Personality Traits in Nonclinical Young Adults. J. Pers. Disord. 2011, 25, 542–556. [Google Scholar] [CrossRef]

	



Lim, Y.-O.; Suh, K.-H. Development and Validation of a Measure of Passive Aggression Traits: The Passive Aggression Scale (PAS). Behav. Sci. 2022, 12, 273. [Google Scholar] [CrossRef]

	



Parsey, R.V.; Oquendo, M.A.; Simpson, N.R.; Ogden, R.T.; Van Heertum, R.; Arango, V.; Mann, J.J. Effects of Sex, Age, and Aggressive Traits in Man on Brain Serotonin 5-HT1A Receptor Binding Potential Measured by PET Using [C-11]WAY-100635. Brain Res. 2002, 954, 173–182. [Google Scholar] [CrossRef] [PubMed]

	



Witte, A.V.; Flöel, A.; Stein, P.; Savli, M.; Mien, L.-K.; Wadsak, W.; Spindelegger, C.; Moser, U.; Fink, M.; Hahn, A.; et al. Aggression Is Related to Frontal Serotonin-1A Receptor Distribution as Revealed by PET in Healthy Subjects. Hum. Brain Mapp. 2009, 30, 2558–2570. [Google Scholar] [CrossRef] [PubMed]

	



da Cunha-Bang, S.; Stenbæk, D.S.; Holst, K.; Licht, C.L.; Jensen, P.S.; Frokjaer, V.G.; Mortensen, E.L.; Knudsen, G.M. Trait Aggression and Trait Impulsivity Are Not Related to Frontal Cortex 5-HT2A Receptor Binding in Healthy Individuals. Psychiatry Res. 2013, 212, 125–131. [Google Scholar] [CrossRef] [PubMed]

	



da Cunha-Bang, S.; Mc Mahon, B.; MacDonald Fisher, P.; Jensen, P.S.; Svarer, C.; Moos Knudsen, G. High Trait Aggression in Men Is Associated with Low 5-HT Levels, as Indexed by 5-HT4 Receptor Binding. Soc. Cogn. Affect. Neurosci. 2016, 11, 548–555. [Google Scholar] [CrossRef] [PubMed]

	



Giegling, I.; Hartmann, A.M.; Möller, H.-J.; Rujescu, D. Anger- and Aggression-Related Traits Are Associated with Polymorphisms in the 5-HT-2A Gene. J. Affect. Disord. 2006, 96, 75–81. [Google Scholar] [CrossRef] [PubMed]

	



Burt, S.A.; Mikolajewski, A.J. Preliminary Evidence That Specific Candidate Genes Are Associated with Adolescent-Onset Antisocial Behavior. Aggress. Behav. 2008, 34, 437–445. [Google Scholar] [CrossRef]

	



Buss, A.H.; Perry, M. The Aggression Questionnaire. J. Personal. Social. Psychol. 1992, 63, 452–459. [Google Scholar] [CrossRef] [PubMed]

	



Frau, R.; Pardu, A.; Godar, S.; Bini, V.; Bortolato, M. Combined Antagonism of 5-HT2 and NMDA Receptors Reduces the Aggression of Monoamine Oxidase a Knockout Mice. Pharmaceuticals 2022, 15, 213. [Google Scholar] [CrossRef]

	



Godar, S.C.; Mosher, L.J.; Scheggi, S.; Devoto, P.; Moench, K.M.; Strathman, H.J.; Jones, C.M.; Frau, R.; Melis, M.; Gambarana, C.; et al. Gene-Environment Interactions in Antisocial Behavior Are Mediated by Early-Life 5-HT2A Receptor Activation. Neuropharmacology 2019, 159, 107513. [Google Scholar] [CrossRef]

	



Sakaue, M.; Ago, Y.; Sowa, C.; Sakamoto, Y.; Nishihara, B.; Koyama, Y.; Baba, A.; Matsuda, T. Modulation by 5-HT2A Receptors of Aggressive Behavior in Isolated Mice. Jpn. J. Pharmacol. 2002, 89, 89–92. [Google Scholar] [CrossRef]

	



Tzourio-Mazoyer, N.; Landeau, B.; Papathanassiou, D.; Crivello, F.; Etard, O.; Delcroix, N.; Mazoyer, B.; Joliot, M. Automated Anatomical Labeling of Activations in SPM Using a Macroscopic Anatomical Parcellation of the MNI MRI Single-Subject Brain. Neuroimage 2002, 15, 273–289. [Google Scholar] [CrossRef] [PubMed]

	



Berggård, C.; Damberg, M.; Longato-Stadler, E.; Hallman, J.; Oreland, L.; Garpenstrand, H. The Serotonin 2A-1438 G/A Receptor Polymorphism in a Group of Swedish Male Criminals. Neurosci. Lett. 2003, 347, 196–198. [Google Scholar] [CrossRef] [PubMed]

	



Nomura, M.; Nomura, Y. Psychological, Neuroimaging, and Biochemical Studies on Functional Association between Impulsive Behavior and the 5-HT2A Receptor Gene Polymorphism in Humans. Ann. N. Y. Acad. Sci. 2006, 1086, 134–143. [Google Scholar] [CrossRef] [PubMed]

	



Turecki, G.; Sequeira, A.; Gingras, Y.; Séguin, M.; Lesage, A.; Tousignant, M.; Chawky, N.; Vanier, C.; Lipp, O.; Benkelfat, C.; et al. Suicide and Serotonin: Study of Variation at Seven Serotonin Receptor Genes in Suicide Completers. Am. J. Med. Genet. B Neuropsychiatr. Genet. 2003, 118B, 36–40. [Google Scholar] [CrossRef]

	



Khait, V.D.; Huang, Y.; Zalsman, G.; Oquendo, M.A.; Brent, D.A.; Harkavy-Friedman, J.M.; Mann, J.J. Association of Serotonin 5-HT2A Receptor Binding and the T102C Polymorphism in Depressed and Healthy Caucasian Subjects. Neuropsychopharmacology 2005, 30, 166–172. [Google Scholar] [CrossRef]

	



Cupaioli, F.A.; Zucca, F.A.; Caporale, C.; Lesch, K.-P.; Passamonti, L.; Zecca, L. The Neurobiology of Human Aggressive Behavior: Neuroimaging, Genetic, and Neurochemical Aspects. Prog. Neuropsychopharmacol. Biol. Psychiatry 2021, 106, 110059. [Google Scholar] [CrossRef]

	



Gregg, T.R.; Siegel, A. Brain Structures and Neurotransmitters Regulating Aggression in Cats: Implications for Human Aggression. Prog. Neuropsychopharmacol. Biol. Psychiatry 2001, 25, 91–140. [Google Scholar] [CrossRef]

	



Raine, A.; Ishikawa, S.S.; Arce, E.; Lencz, T.; Knuth, K.H.; Bihrle, S.; LaCasse, L.; Colletti, P. Hippocampal Structural Asymmetry in Unsuccessful Psychopaths. Biol. Psychiatry 2004, 55, 185–191. [Google Scholar] [CrossRef]

	



Critchley, H.D.; Simmons, A.; Daly, E.M.; Russell, A.; van Amelsvoort, T.; Robertson, D.M.; Glover, A.; Murphy, D.G. Prefrontal and Medial Temporal Correlates of Repetitive Violence to Self and Others. Biol. Psychiatry 2000, 47, 928–934. [Google Scholar] [CrossRef]

	



Soloff, P.H.; Price, J.C.; Meltzer, C.C.; Fabio, A.; Frank, G.K.; Kaye, W.H. 5HT2A Receptor Binding Is Increased in Borderline Personality Disorder. Biol. Psychiatry 2007, 62, 580–587. [Google Scholar] [CrossRef]

	



Soloff, P.H.; Chiappetta, L.; Mason, N.S.; Becker, C.; Price, J.C. Effects of Serotonin-2A Receptor Binding and Gender on Personality Traits and Suicidal Behavior in Borderline Personality Disorder. Psychiatry Res. Neuroimaging 2014, 222, 140–148. [Google Scholar] [CrossRef] [PubMed]

	



Seidenwurm, D.; Pounds, T.R.; Globus, A.; Valk, P.E. Abnormal Temporal Lobe Metabolism in Violent Subjects: Correlation of Imaging and Neuropsychiatric Findings. AJNR Am. J. Neuroradiol. 1997, 18, 625–631. [Google Scholar] [PubMed]

	



Bufkin, J.L.; Luttrell, V.R. Neuroimaging Studies of Aggressive and Violent Behavior: Current Findings and Implications for Criminology and Criminal Justice. Trauma. Violence Abus. 2005, 6, 176–191. [Google Scholar] [CrossRef] [PubMed]

	



Siever, L.J. Neurobiology of Aggression and Violence. Am. J. Psychiatry 2008, 165, 429–442. [Google Scholar] [CrossRef]

	



Tonkonogy, J.M.; Geller, J.L. Hypothalamic Lesions and Intermittent Explosive Disorder. J. Neuropsychiatry Clin. Neurosci. 1992, 4, 45–50. [Google Scholar] [CrossRef]

	



Ito, M.; Okazaki, M.; Takahashi, S.; Muramatsu, R.; Kato, M.; Onuma, T. Subacute Postictal Aggression in Patients with Epilepsy. Epilepsy Behav. 2007, 10, 611–614. [Google Scholar] [CrossRef]

	



Ueltzhöffer, K.; Herpertz, S.C.; Krauch, M.; Schmahl, C.; Bertsch, K. Whole-Brain Functional Connectivity during Script-Driven Aggression in Borderline Personality Disorder. Prog. Neuropsychopharmacol. Biol. Psychiatry 2019, 93, 46–54. [Google Scholar] [CrossRef]

	



Bjork, J.M.; Moeller, F.G.; Dougherty, D.M.; Swann, A.C.; Machado, M.A.; Hanis, C.L. Serotonin 2a Receptor T102C Polymorphism and Impaired Impulse Control. Am. J. Med. Genet. 2002, 114, 336–339. [Google Scholar] [CrossRef]

	



Sumner, B.E.H.; D’Eath, R.B.; Farnworth, M.J.; Robson, S.; Russell, J.A.; Lawrence, A.B.; Jarvis, S. Early Weaning Results in Less Active Behaviour, Accompanied by Lower 5-HT1A and Higher 5-HT2A Receptor mRNA Expression in Specific Brain Regions of Female Pigs. Psychoneuroendocrinology 2008, 33, 1077–1092. [Google Scholar] [CrossRef]

	



Rios, M.; Lambe, E.K.; Liu, R.; Teillon, S.; Liu, J.; Akbarian, S.; Roffler-Tarlov, S.; Jaenisch, R.; Aghajanian, G.K. Severe Deficits in 5-HT2A -Mediated Neurotransmission in BDNF Conditional Mutant Mice. J. Neurobiol. 2006, 66, 408–420. [Google Scholar] [CrossRef]

	



Talbot, P.S.; Slifstein, M.; Hwang, D.-R.; Huang, Y.; Scher, E.; Abi-Dargham, A.; Laruelle, M. Extended Characterisation of the Serotonin 2A (5-HT2A) Receptor-Selective PET Radiotracer 11C-MDL100907 in Humans: Quantitative Analysis, Test-Retest Reproducibility, and Vulnerability to Endogenous 5-HT Tone. Neuroimage 2012, 59, 271–285. [Google Scholar] [CrossRef] [PubMed]

	



Paterson, L.M.; Tyacke, R.J.; Nutt, D.J.; Knudsen, G.M. Measuring Endogenous 5-HT Release by Emission Tomography: Promises and Pitfalls. J. Cereb. Blood Flow. Metab. 2010, 30, 1682–1706. [Google Scholar] [CrossRef] [PubMed]

	



Jakab, R.L.; Goldman-Rakic, P.S. 5-Hydroxytryptamine2A Serotonin Receptors in the Primate Cerebral Cortex: Possible Site of Action of Hallucinogenic and Antipsychotic Drugs in Pyramidal Cell Apical Dendrites. Proc. Natl. Acad. Sci. USA 1998, 95, 735–740. [Google Scholar] [CrossRef] [PubMed]

	



Jakab, R.L.; Goldman-Rakic, P.S. Segregation of Serotonin 5-HT2A and 5-HT3 Receptors in Inhibitory Circuits of the Primate Cerebral Cortex. J. Comp. Neurol. 2000, 417, 337–348. [Google Scholar] [CrossRef]

	



Farde, L.; Plavén-Sigray, P.; Borg, J.; Cervenka, S. Brain Neuroreceptor Density and Personality Traits: Towards Dimensional Biomarkers for Psychiatric Disorders. Philos. Trans. R. Soc. Lond. B Biol. Sci. 2018, 373, 20170156. [Google Scholar] [CrossRef] [PubMed]

	



Meyer, P.T.; Bhagwagar, Z.; Cowen, P.J.; Cunningham, V.J.; Grasby, P.M.; Hinz, R. Simplified Quantification of 5-HT2A Receptors in the Human Brain with [11C]MDL 100,907 PET and Non-Invasive Kinetic Analyses. Neuroimage 2010, 50, 984–993. [Google Scholar] [CrossRef]

	



Slifstein, M.; Laruelle, M. Models and Methods for Derivation of In Vivo Neuroreceptor Parameters with PET and SPECT Reversible Radiotracers. Nucl. Med. Biol. 2001, 28, 595–608. [Google Scholar] [CrossRef]

	



Hinz, R.; Bhagwagar, Z.; Cowen, P.J.; Cunningham, V.J.; Grasby, P.M. Validation of a Tracer Kinetic Model for the Quantification of 5-HT(2A) Receptors in Human Brain with [(11)C]MDL 100,907. J. Cereb. Blood Flow. Metab. 2007, 27, 161–172. [Google Scholar] [CrossRef]

	



Barrett, F.S.; Zhou, Y.; Carbonaro, T.M.; Roberts, J.M.; Smith, G.S.; Griffiths, R.R.; Wong, D.F. Human Cortical Serotonin 2A Receptor Occupancy by Psilocybin Measured Using [11C]MDL 100,907 Dynamic PET and a Resting-State FMRI-Based Brain Parcellation. Front. Neuroergon. 2022, 2, 45. [Google Scholar] [CrossRef]

	



Sheehan, D.V.; Lecrubier, Y.; Sheehan, K.H.; Amorim, P.; Janavs, J.; Weiller, E.; Hergueta, T.; Baker, R.; Dunbar, G.C. The Mini-International Neuropsychiatric Interview (M.I.N.I.): The Development and Validation of a Structured Diagnostic Psychiatric Interview for DSM-IV and ICD-10. J. Clin. Psychiatry 1998, 59 (Suppl. S20), 22–33; quiz 34–57. [Google Scholar]

	



Yoo, S.-W.; Kim, Y.-S.; Noh, J.-S.; Oh, K.-S.; Kim, C.-H.; NamKoong, K.; Chae, J.-H.; Lee, G.-C.; Jeon, S.-I.; Min, K.-J. Validity of Korean Version of the Mini-International Neuropsychiatric Interview. Anxiety Mood 2006, 2, 50–55. [Google Scholar]

	



Seo, S.-G.; Kwon, S. Validation study of the Korean version of the Aggression Questionnaire. Korean J. Clin. Psychol. 2002, 21, 487–501. [Google Scholar] [CrossRef]

	



Lammertsma, A.A.; Hume, S.P. Simplified Reference Tissue Model for PET Receptor Studies. NeuroImage 1996, 4, 153–158. [Google Scholar] [CrossRef] [PubMed]

	



Gunn, R.N.; Lammertsma, A.A.; Hume, S.P.; Cunningham, V.J. Parametric Imaging of Ligand-Receptor Binding in PET Using a Simplified Reference Region Model. NeuroImage 1997, 6, 279–287. [Google Scholar] [CrossRef] [PubMed]

	



Archer, J. Sex Differences in Aggression in Real-World Settings: A Meta-Analytic Review. Rev. General. Psychol. 2004, 8, 291–322. [Google Scholar] [CrossRef]

	



Leonard, R.L. Aggression: Relationships with Sex, Gender Role Identity, and Gender Role Stress. Doctoral Dissertation, East Tennessee State University, Johnson City, TN, USA, 2005. [Google Scholar]

	



Archer, J. Does Sexual Selection Explain Human Sex Differences in Aggression? Behav. Brain Sci. 2009, 32, 249–266. [Google Scholar] [CrossRef]

	



Soloff, P.H.; Price, J.C.; Mason, N.S.; Becker, C.; Meltzer, C.C. Gender, Personality, and Serotonin-2A Receptor Binding in Healthy Subjects. Psychiatry Res. 2010, 181, 77–84. [Google Scholar] [CrossRef]

	



Moses-Kolko, E.L.; Price, J.C.; Shah, N.; Berga, S.; Sereika, S.M.; Fisher, P.M.; Coleman, R.; Becker, C.; Mason, N.S.; Loucks, T.; et al. Age, Sex, and Reproductive Hormone Effects on Brain Serotonin-1A and Serotonin-2A Receptor Binding in a Healthy Population. Neuropsychopharmacology 2011, 36, 2729–2740. [Google Scholar] [CrossRef]

	



Horga, G.; Parellada, E.; Lomeña, F.; Fernández-Egea, E.; Mané, A.; Font, M.; Falcón, C.; Konova, A.B.; Pavia, J.; Ros, D.; et al. Differential Brain Glucose Metabolic Patterns in Antipsychotic-Naïve First-Episode Schizophrenia with and without Auditory Verbal Hallucinations. J. Psychiatry Neurosci. 2011, 36, 312–321. [Google Scholar] [CrossRef]

	



Chiotis, K.; Saint-Aubert, L.; Savitcheva, I.; Jelic, V.; Andersen, P.; Jonasson, M.; Eriksson, J.; Lubberink, M.; Almkvist, O.; Wall, A.; et al. Imaging In-Vivo Tau Pathology in Alzheimer’s Disease with THK5317 PET in a Multimodal Paradigm. Eur. J. Nucl. Med. Mol. Imaging 2016, 43, 1686–1699. [Google Scholar] [CrossRef]

	



Magis, D.; D’Ostilio, K.; Thibaut, A.; De Pasqua, V.; Gerard, P.; Hustinx, R.; Laureys, S.; Schoenen, J. Cerebral Metabolism before and after External Trigeminal Nerve Stimulation in Episodic Migraine. Cephalalgia 2017, 37, 881–891. [Google Scholar] [CrossRef]








[image: Ijms 24 15697 g001] 





Figure 1. Results of voxel-based correlation analysis between the aggression scores and [11C]MDL100907 BPND. These results are shown at a peak-level threshold of uncorrected p < 0.001 with an extent threshold of 20 voxels. † The verbal aggression subscale score also showed a significant positive correlation with [11C]MDL100907 BPND in the left FUSI at a peak-level threshold of FDR-corrected p < 0.05 with an extent threshold of 10 voxels (FDR-corrected p = 0.028, k = 12 voxels). BPND, binding potential with respect to non-displaceable compartment; FUSI, fusiform gyrus; FDR, false discovery rate; Lt, left; Rt, right; MTG, middle temporal gyrus; PHG, parahippocampal gyrus; HIP, hippocampus; OLF, olfactory cortex; SFG, superior frontal gyrus; ACIN, anterior cingulate and paracingulate gyri; GR, gyrus rectus; ITG, inferior temporal gyrus; AG, angular gyrus. 
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Figure 2. Scatter plots showing the correlations between the aggression scores and [11C]MDL100907 BPND in the clusters that showed statistical significance in voxel-based correlation analysis. The blue rhombi indicate ordered pairs of the unstandardized residuals estimated from two separate linear regressions of the aggression scores and [11C]MDL100907 BPND in clusters in regard to age and sex. The solid lines and gray areas represent the regression lines and 95% confidence intervals, respectively. BPND, binding potential with respect to non-displaceable compartment; MTG, middle temporal gyrus; FUSI, fusiform gyrus; PHG, parahippocampal gyrus; HIP, hippocampus; OLF, olfactory cortex; SFG, superior frontal gyrus; ACIN, anterior cingulate and paracingulate gyri; GR, gyrus rectus; ITG, inferior temporal gyrus; AG, angular gyrus. 
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Figure 3. Representative mean images of [11C]MDL100907 BPND, [11C]MDL100907 PET, and corresponding structural MRI in 33 healthy subjects. BPND, binding potential with respect to non-displaceable compartment; PET, positron emission tomography; MRI, magnetic resonance imaging. 
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Table 1. Demographic/clinical characteristics and [11C]MDL100907 PET scan information.
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Variable

	
Mean (SD)/Number (%)






	
Demographic characteristics




	
Age (years)

	
30.9 (8.3)




	
  Male

	
33.3 (8.6)




	
  Female

	
29.8 (8.2)




	
Sex

	




	
  Male

	
10 (30.3%)




	
  Female

	
23 (69.7%)




	
Education (years)

	
15.6 (0.8)




	
Clinical characteristics




	
BPAQ




	
  Physical aggression

	
13.3 (2.5)




	
  Verbal aggression

	
9.0 (2.8)




	
  Anger

	
9.6 (2.3)




	
  Hostility

	
10.8 (2.2)




	
  Total

	
42.6 (6.5)




	
[11C]MDL100907 PET scan information




	
Injected dose (MBq)

	
688.0 (52.5)




	
Specific activity (GBq/μmol)

	
65.0 (32.9)








PET, positron emission tomography; SD, standard deviation; BPAQ, Buss-Perry Aggression Questionnaire.













 





Table 2. Significant correlations between the aggression scores and [11C]MDL100907 BPND.
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Clinical

Variable

	
MNI Coordinate

(x, y, z)

	
Brain Region

	
Cluster Size

(Voxels)

	
Peak-Level




	
T Value

	
p Value






	
Aggression scale total score




	
Positive

correlation

	
26, 6, −40

	
Rt. Temporal pole: MTG

	
25

	
5.67

	
<0.0001




	
−32, −10, −32

	
Lt. FUSI

	
51

	
4.89




	
38, −16, −26

	
Rt. PHG

	
23

	
4.45

	
0.0001




	
34, −20, −16

	
Rt. HIP

	
4.14




	
Physical aggression subscale score




	
Positive

correlation

	
−8, 10, −18

	
Lt. OIF

	
30

	
5.25

	
<0.0001




	
−8, 50, −22

	
Lt. Orbital part of the SFG

	
26

	
5.13




	
4, 34, −8

	
Rt. ACIN

	
34

	
4.66




	
−2, 30, −12

	
Lt. Medial orbital part of the SFG

	
4.2

	
0.0001




	
−4, 38, −18

	
Lt. GR

	
3.88

	
0.0003




	
−44, −56, −10

	
Lt. ITG

	
27

	
4.64

	
<0.0001




	
−48, −48, −6

	
Lt. MTG

	
4.63




	
−44, −68, 32

	
Lt. AG

	
20

	
4.54

	
0.0001




	
Verbal aggression subscale score




	
Positive

correlation

	
8, 60, 10

	
Rt. Medial part of the SFG

	
23

	
6.3

	
<0.0001




	
−32, −12, −32

	
Lt. FUSI †

	
51

	
6.17




	
−22, 62, 6

	
Lt. SFG

	
71

	
5.46




	
28, 8, −40

	
Rt. Temporal pole: MTG (1)

	
21

	
4.92




	
42, 6, −38

	
Rt. Temporal pole: MTG (2)

	
23

	
4.6




	
30, 62, 8

	
Rt. SFG

	
30

	
4.52

	
0.0001








These results are presented at a peak-level threshold of uncorrected p < 0.001 with an extent threshold of 20 voxels. † Additionally, the verbal aggression subscale score was significantly positively correlated with [11C]MDL100907 BPND in the left FUSI at a peak-level threshold of FDR-corrected p < 0.05 with an extent threshold of 10 voxels (FDR-corrected p = 0.028, extent threshold k = 12 voxels). BPND, binding potential with respect to non-displaceable compartment; MNI, Montreal Neurological Institute; Rt, right; MTG, middle temporal gyrus; Lt, left; FUSI, fusiform gyrus; PHG, parahippocampal gyrus; HIP, hippocampus; OLF, olfactory cortex; SFG, superior frontal gyrus; ACIN, anterior cingulate and paracingulate gyri; GR, gyrus rectus; ITG, inferior temporal gyrus; AG, angular gyrus; FDR, false discovery rate.
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