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Abstract
Aggressive behavior in violent video games activates the reward system. However, this effect is closely related to game 
success. Aim of the present study was to investigate whether aggressive behavior has a rewarding value by itself. Functional 
magnetic resonance imaging (fMRI) was measured in fifteen right-handed males while playing the video game Carma-
geddon. Neuroimaging data were analyzed based on violent and non-violent success and failure events. Correlations with 
subjective game experience measured brain-behavior and -affect relationships. Results revealed a differential involvement of 
the striatal reward system: non-violent success elicited activation of the ventral striatum, whereas violent success activated 
specifically the dorsal striatum. Subjective game experience correlated with putamen and medial prefrontal cortex activation 
specifically for violent success. These results emphasize a differential neural processing of violent and non-violent success 
events in dorsal and ventral striatum. Virtual violence seems to enable selective responses of the reward system and positive 
in-game experience.
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Abbreviations
ACC​	� Anterior cingulate cortex
BOLD	� Blood oxygenation level dependent
EPI	� Echo-planar imaging
fMRI	� Functional magnetic resonance imaging
FWHM	� Full width at half maximum
GLM	� General linear model
mOFC	� Medial orbitofrontal cortex
mPFC	� Medial prefrontal cortex

MPRAGE	� Magnetization prepared rapid acquisition 
gradient

MR	� Magnetic resonance
NAcc	� Nucleus accumbens
TE	� Echo time
TI	� Inversion time
TR	� Repetition time

Introduction

Aggression is a part of natural human behavior and serves 
numerous important purposes including obtaining food and 
territory, establishing status hierarchies, and fighting rivals 
to assure access to mates (Kramer et al. 2007). Neuropsy-
chological studies describe a network encompassing orbito-
frontal (OFC) and prefrontal cortex (PFC), anterior cingu-
late cortex (ACC), and the amygdala to mediate aggressive 
behavior (Hoptman 2003; Bufkin and Luttrell 2005; Paus 
2005; Patrick 2008; Sterzer and Stadler 2009; Yang and 
Raine 2009; Coccaro et al. 2011; for a review, see Anderson 
and Kiehl 2012). Recent studies, however, increasingly point 
to the role of the reward system (e.g. Buckholtz et al. 2010) 
in processing aggression. The involvement of the reward 
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system, encompassing nucleus accumbens (NAcc), caudate 
nucleus, putamen, striatal dopaminergic system, the PFC, 
and the OFC (Chen et al. 2017; for a comprehensive review, 
see Haber and Knutson 2010), may be critical to understand 
learning of adaptive and non-adaptive aggression (Marsh 
2013).

Neuroimaging studies on competitive encounters and 
provocation demonstrated the involvement of the reward 
system, mainly the dorsal striatum, in performing aggressive 
acts (de Quervain et al. 2004; Zink et al. 2008). Individuals 
with psychopathic traits showed higher dopamine release in 
nucleus accumbens (NAcc) as well as higher activation in 
this structure in response to reward anticipation (Buckholtz 
et al. 2010). Psychopathy was also associated with atypical 
striatum morphology (Boccardi et al. 2013). Marsh (2013) 
proposed that the reward system in psychopaths might be 
overactive, while the systems governing threat anticipation 
are dysfunctional. Thus, evidence suggests that involvement 
of the reward system may enhance learning of aggressive 
behavior.

Animal studies show that certain forms of aggression are 
part of normal behavior, e.g. in play fighting, which is a 
common form of play activity in young animals (Pellis et al. 
1993). Animals exert considerable effort in order to be able 
to perform aggressive acts, and they seem to draw pleasure 
from engaging in aggressive encounters (Fish et al. 2002). 
Those rewarding properties of aggression are mediated via 
the striatal dopaminergic system (Couppis and Kennedy 
2008), similar to reward processing patterns in humans. 
Thus, it is reasonable to assume that aggressive behavior 
may have a rewarding value by itself in humans as well.

Functional imaging studies on aggression in healthy 
humans are rare since openly expressed aggressive behav-
ior is difficult to induce experimentally during neuroimaging 
(Klasen et al. 2013). Moreover, research has differentiated 
between instrumental (i.e., proactive, goal-driven, and une-
motional) and reactive (i.e., provocation-based, impulsive, 
and emotional) subtypes of aggression (Fontaine 2007). 
Blair et al. (2006) argue that reactive aggression (i.e. aggres-
sive acts in response to frustrating or threatening events) and 
instrumental aggression (purposefully used acts to achieve 
a specific desired goal) are partly independent and medi-
ated by at least partially dissociable neurobiological net-
works. Classic experimental approaches typically induce 
aggression via provocation, such as in the well investigated 
Taylor Aggression Paradigm (TAP; Taylor 1967). By defi-
nition, provocation approaches are well suited for reactive 
aggression forms; however, instrumental aggression forms 
may require different paradigms. Zaki and Ochsner (2012) 
stressed the necessity of naturalistic, ecologically valid, par-
adigms to complement well-controlled but simplified para-
digms. One of such naturalistic solutions is virtual reality 
that opens new ways to study proactive aggressive behavior 

without negative consequences for the subjects (see Mathiak 
and Weber 2006; Slater et al. 2006; Zvyagintsev et al. 2016). 
Leading to high levels of immersion into the game world, 
video games are an interesting model to study neural cor-
relates of complex behavior such as aggression (see Klasen 
et al. 2008; Mathiak et al. 2013; Mathiak and Weber 2006). 
Similar to the animal play fighting model (Delville et al. 
2006), violent video games may provide insight into the 
neurobiology of aggressive behaviors, such as the killing 
of virtual opponents, which are otherwise difficult to study 
in humans.

It is well established that playing games activate the 
dopaminergic reward system (Koepp et al. 1998; Hoeft et al. 
2008; Cole et al. 2012). Recent studies have addressed con-
tributions of particular events such as aggressive behavior to 
this neural pattern. In first-person shooter games, killing did 
not activate the reward system as compared to the ongoing 
gameplay (Mathiak and Weber 2006). Instead, decreased 
activity was observed after failure events such as virtual 
dying (Mathiak et al. 2011; Klasen et al. 2012; Katsyri et al. 
2013a, b). Thus, neural effects and subjective perception 
of aggression in video games seem to be often confounded 
with the aspect of game success. In fact, in a meta-analysis 
of 32 game studies, success and failure events were among 
the most potent triggers for pleasant and unpleasant emo-
tions, respectively (Nummenmaa and Niemi 2004). In the 
light of the rewarding value of game success (Przybylski 
et al. 2010), it is necessary to disentangle these aspects to 
identify a putative rewarding effect of aggressive behavior. 
However, so far none of the neuroimaging studies on violent 
gaming succeeded in revealing a direct rewarding compo-
nent of aggression.

The present study sought to disentangle the reward sys-
tem involvement in explicitly violent vs. non-violent play-
ing behavior in a semi-naturalistic brain-imaging paradigm, 
using a violent racing game (Carmageddon: TDR 2000; 
Torus Games, Bayswater, Australia 2000). Carnagey and 
Anderson (2005) applied an experimental modification of 
the Carmageddon game to compare the impact of violent 
and non-violent events on physiological arousal and affect. 
In this study, they also demonstrated its high validity as a 
model to study aggression. While both killing pedestrians 
and collecting points produced similar effects on arousal 
(measured as blood pressure and pulse), playing the violent 
version of the game led to more hostile effect and to more 
aggressive cognitions than playing the non-violent version.

In the current study, functional magnetic resonance imag-
ing (fMRI) measured neural activation during success and 
failure events that were associated with explicit violence, 
i.e. successful or failed killing of a virtual pedestrian, or did 
not contain violence, i.e. point collection or crash without 
involvement of virtual pedestrians (similarly as in Carnagey 
and Anderson 2005). We investigated whether the violent 
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context modulated the responses in the reward system to 
success and failure events. Moreover, we investigated a puta-
tive relationship between event-related reward system pat-
terns and subjective emotional response to the game. We 
hypothesized (1) a significant contribution of aggression to 
event-related reward system activation; and (2) a relation-
ship between violence-related reward system patterns and a 
positive emotional game evaluation.

Materials and Methods

Participants

We studied 15 right-handed males (age range 21–28 years, 
mean 24.9 ± 2.6). All subjects played video games on aver-
age at least 5 h/week. They had no previous experience with 
the game Carmageddon: TDR 2000 (Torus Games, Bayswa-
ter, Australia, 2000) that served as stimulus in this study. The 
subjects had normal or corrected to normal vision, normal 
hearing, and no contraindications against magnetic reso-
nance (MR) investigations. All participants were system-
atically screened for physical illness, mental problems, past 
and present psychiatric and psychotherapeutic treatments, 
and medication. According to the screening, all partici-
pants were healthy. The experimental design was accord-
ing to the Code of Ethics of the World Medical Association 
(Declaration of Helsinki, 1964) and the study protocol was 
approved by the local Ethics Committee. We obtained a writ-
ten informed consent from each subject after providing a 
complete description of the study.

The sample size of the present study was determined 
based on a previous study by our lab (Mathiak and Weber 
2006). This paper showed robust and strong event-related 
activation patterns in a violent video game in a sample of 
N = 13 players. Effect sizes in this data set were estimated 
to be rather large in magnitude, considering the abovemen-
tioned limitations. This was also true for midbrain structures 
of the reward system (see also Klasen et al. 2012).

Procedure

The subjects played the video game Carmageddon: TDR 
2000 (Torus Games, Bayswater, Australia, 2000) without 
restrictions over four scanning sessions of 10 min duration 
each. In the game, participants drove a racing car against 
other virtual drivers controlled by the computer. Carmaged-
don is a well investigated model to study aggressive behav-
ior (Carnagey and Anderson 2005; Bushman and Anderson 
2009) and has previously been applied to test for drug effects 
in virtual aggressive behavior (Klasen et al. 2013) and for 
extraction of cortical network related to aggression in an 
overlapping sample (Zvyagintsev et al. 2016). Similar to the 

above-mentioned studies, we employed a violent and a non-
violent modification of the game. In the first version, the 
players gained points by killing pedestrians with their car. 
They were explicitly instructed to kill as many pedestrians as 
possible. This version of the game contained a considerable 
amount of violence with excessive depiction of blood splat-
ter. In the second, non-violent condition, we introduced a 
modified version without pedestrians. Here, the players’ task 
was to pick up the bonus points, i.e., colorful icons which 
can be found on the game map, without violent interactions. 
Picking up bonus points was accompanied by color explo-
sion, with similar visual stimulation in both violent and non-
violent game versions. All game play sessions (violent and 
non-violent) took place on the same game map, assuring a 
highly similar visual stimulation pattern. The map consisted 
of a post-apocalyptic landscape, with factories, a ghost city, 
a deserted fairground, a prairie landscape, etc. The size of 
the map was limited, and usually each player circled the map 
several times in the course of one game play session. Each 
subject played two violent and two non-violent sessions; the 
order of the sessions was randomized. Visual stimulation 
and game sound were delivered via MR compatible video 
goggles and headphones; sound levels were adjusted indi-
vidually to a comfortable level. Both videos and sound were 
recorded for subsequent content analysis.

Game affect was measured using a German version of 
the Game Experience Questionnaire (GEQ; Ijsselsteijn et al. 
2008). Ten items assessed positive and negative feelings dur-
ing the game play on a 5-point Likert scale each. Game-
related affect was calculated by subtracting the negative 
items from the positive ones. Internal consistency (Cron-
bach’s alpha) was determined as 0.814. Other scales from the 
questionnaire such as game evaluation, tiredness, or return-
ing to reality were of no relevance for the research question 
and therefore not considered for analysis.

Image acquisition

We conducted whole-brain fMRI with echo-planar imag-
ing (EPI) sequences (echo time TE = 28 ms, repetition time 
TR = 2000 ms, flip angle = 77°, voxel size = 3 × 3 mm, matrix 
size = 64 × 64, 34 transverse slices, 3 mm slice thickness, 
0.75 mm gap) on a 3 Tesla Siemens Trio scanner (Siemens 
Medical, Erlangen, Germany) with a standard 12-channel 
head coil. We acquired 310 volumes pro session (resulting 
in the sum of 1240 volumes for all four sessions). Following 
the functional measurements, high-resolution T1-weighted 
anatomical images were recorded using a magnetization pre-
pared rapid acquisition gradient echo (MPRAGE) sequence 
(TE = 2.52 ms; inversion time TI = 900 ms, TR = 1900 ms; 
flip angle = 9°; FOV = 256 × 256 mm2; 1 mm isotropic vox-
els; 176 sagittal slices).
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Content analysis and event definition

Game events were coded with an accuracy of 67 ms (accord-
ing to one frame with 15 Hz frame rate) using the annotation 
software Elan 3.8.0 (MPI for Psycholinguistics, Nijmegen, 
The Netherlands). Four different types of game events were 
annotated: violent success (killing a pedestrian; Fig. 1a), 
violent failure (missing to hit a pedestrian; Fig. 1b), non-
violent success (collecting bonus points; Fig. 1c), and non-
violent failure (crashing into an object; Fig. 1d). The coding 
schema is relatively simple and achieved inter-rater relia-
bilities above 0.9 in pretesting. Further, the coder received 
twenty hours of intensive and supervised training on mate-
rial not used in the study. This type of content analysis with 
high time resolution has been described in detail before and 
was validated for fMRI analyses (e.g. Weber et al. 2009).

Image analysis

Image analyses were performed using BrainVoyager QX 2.6 
(Brain Innovation, Maastricht, The Netherlands) with stand-
ard preprocessing and slice scan time correction, 3D motion 
correction, Gaussian spatial smoothing (4 mm FWHM (full 
width at half maximum)), and high-pass filtering including 
linear trend removal. In order to avoid T1 saturation effects, 
we discarded the first five images of each session. Functional 

images were co-registered to the anatomical data and trans-
formed into Talairach space. Data was time-synchronized 
to the coded game events and analyzed in an event-related 
fashion. We constructed a general linear model (GLM) 
from the events and convolved it with the hemodynamic 
response function. Statistical parametric maps were created 
using random effects GLM with predictors according to the 
four stimulus types. Contrasts between different predictors 
(game event types) were investigated using t-statistics. Time 
courses of blood oxygenation level dependent (BOLD) sig-
nal intensity values were extracted from cluster peak vox-
els, normalized to the ongoing gaming baseline value, and 
averaged over subjects, resulting in event-related BOLD 
response plots to the four different stimulus types.

To investigate relationships between event-related brain 
activation and subjective game experience, we calculated 
correlations of the individual contrast values with the game 
affect scores. This was performed with the standard pro-
cedure implemented in BrainVoyager QX 2.6. For a given 
comparison (e.g. violent success vs. violent failure), the 
contrast values were voxel-wise correlated with an external 
variable (e.g., the game affect scores). In this example, the 
resulting map revealed brain areas where the neural response 
to violent success (as compared to violent failure) was asso-
ciated with game-related affect. Similar correlations with 
game affect were calculated for the contrasts “non-violent 

Fig. 1   In the violent game 
condition, the participants killed 
virtual pedestrians by hitting 
them with a car (a violent 
success events; the killed 
pedestrian is covered with the 
blood splatter and matching 
sounds are heard) while nar-
rowly missing the human target 
constituted failure events (b 
non-violent failure events; here 
two pedestrians are running 
to the left escaping from the 
target point of the vehicle). In 
the non-violent modification 
of the game, players collected 
colorful icons by driving over 
them (c non-violent success 
events; colorful rain and sounds 
mark the successful hit of bonus 
points). Non-violent failure 
events were coded when the 
player crashed into objects in 
the game map (d)
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success vs. non-violent failure”, “violent success vs. non-
violent success” and the interaction “success × violence”. 
This method of linking brain activations to external meas-
ures (state, trait, or behavioral variables) is well established 
in social neuroscience and has been employed in numerous 
investigations (e.g., Mathiak et al. 2011).

All activations were thresholded at a voxel-wise p < 0.05 
and cluster size k > 45 voxels, according to a p < 0.05 
corrected for multiple comparisons after Monte Carlo 
simulations.

Results

Behavioral effects

Content analysis revealed a total of 1674 virtual vio-
lence events, i.e. killing of pedestrians (111.6 ± 29.7 
(mean ± standard deviation) events per participant). Failed 
violence (failing to hit a pedestrian) was coded 596 times 
in total (39.7 ± 10.8 per participant). Non-violent success 

events (collecting of bonus points) were detected 1515 times 
(101.0 ± 24.3 per participant). Non-violent failure (crashing 
into an object) was coded 3847 times in total (256.5 ± 28.2 
per participant). Participants reported a slightly higher aver-
age game affect after playing (Δ = 1.93 ± 5.85), which was 
statistically not significant. Game affect did not correlate 
with the frequency of the gaming events (all p > 0.2). Sub-
jects who played the violent version of the game during 
their last fMRI session demonstrated lower negative affect 
as compared to those playing the non-violent game at the 
end (two-sample T test; t(13) = 2.30, p = 0.04).

fMRI

Violent success > violent failure

The direct comparison of violent success and violent failure 
events yielded a significant activity in bilateral putamen for 
the success events (Fig. 2a; Table 1). The event-related time 
courses of the BOLD signal revealed that both the violent 
success and failure events led to a strong initial activation 

Fig. 2   Violent success compared to violent failure events led to sig-
nificantly stronger putamen activity (a). The plots depict the event-
related time courses of the BOLD signal during the violent condition 
in the right and left putamen (b, upper panels). The initial putamen 
activation occurring in anticipation of the violent event was fol-
lowed by a  rapid deactivation in the failure events (negative predic-
tion error). This differential response pattern to violent success and 
failure partly manifested in left, but not right nucleus accumbens (d, 
lower panels). Non-violent success compared to non-violent failure 
events led to stronger activation in the nucleus accumbens (c). The 

plots depict the event-related time courses of the BOLD signal in 
the nucleus accumbens during non-violent condition (d, upper pan-
els). While the non-violent success increased the NAcc activation, 
the non-violent failure led to deactivation. Some activation increase 
showed also in the right putamen in non-violent success, but not dur-
ing non-violent failure (b, lower panel). Violent success events as 
compared to non-violent success activated the reward system (e). The 
event-related time courses of the BOLD signal in the left putamen (f) 
demonstrate increased activity during violent success (red line) but 
not during non-violent success (green line)
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of the putamen anticipating the actual event. This peak was 
followed by sustained activity after success (upper panels 
of Fig. 2b; red curves), but a sharp and sudden activation 
decrease when the player failed in the violent task (upper 
panels of Fig. 2b; yellow curves). A similar trend emerged 
in the right NAcc (Fig. 2d, lower left panel) but not for the 
left NAcc (Fig. 2d, lower right panel).

Non‑violent success > non‑violent failure

The contrast map of non-violent success with non-violent 
failure events yielded a different response pattern: activity 
in the NAcc increased after success events (Fig. 2c; Table 2). 
Event-related time courses of the BOLD signal revealed that 
non-violent success events (green curve) led to the activa-
tion of the NAcc whereas non-violent failure (blue curve) 
deactivated this structure (upper panels of Fig. 2d). In the 

putamen cluster, non-violent success and failure events 
yielded responses that were weaker than in the violent con-
dition (Fig. 2b, lower panels).

Violent success > non‑violent success

The hypothesis that aggressive behavior may yield activation 
in the reward system was confirmed by the contrast between 
violent and non-violent success in the left putamen (Fig. 2e; 
Table 3). BOLD signal time courses confirmed an increase 
in activity to violent success but not to failure (Fig. 2f; red 
and green curves, respectively). Finally, the interaction of 
success with violence did not yield a significant activation 
cluster.

To compare motion parameters between the game condi-
tions, we extracted all 6 rigid-body motion parameters (3 
translations (x, y, z) and 3 rotations (pitch, roll, yaw)) and 

Table 1   Regions activated in 
response to violent success vs. 
violent failure

Region Talairach coordinates MNI coordinates Cluster size (mm3) T value

X Y Z X Y Z

Middle frontal gyrus R 41 55 15 42 56 15 2394 8.76
Angular gyrus L/R − 28 − 56 33 − 28 − 59 34 72,029 7.48
Medial frontal gyrus L/R − 4 34 36 − 4 34 40 1591 6.46
Medial frontal gyrus L/R 14 16 54 14 12 59 2039 6.27
Middle frontal gyrus R 53 − 2 18 56 − 1 16 2286 5.98
Putamen L − 25 − 8 9 − 26 − 7 7 3439 5.70
Middle frontal gyrus L − 34 43 15 − 35 45 16 2741 4.92
Putamen R 26 16 3 27 19 − 1 2331 4.29

Table 2   Regions activated in 
response to non-violent success 
vs. non-violent failure

Region Talairach coordi-
nates

MNI coordinates Cluster size (mm3) T value

X Y Z X Y Z

Nucleus accumbens R 11 − 56 18 11 − 58 18 13,406 8.00
Middle frontal gyrus L − 52 13 36 − 54 13 38 2748 6.48
Middle frontal gyrus L − 43 40 6 − 44 43 5 1286 5.69
Superior parietal lobule L − 34 − 62 33 − 34 − 65 34 3699 5.47
Nucleus accumbens L − 10 4 − 3 − 10 7 − 7 2098 4.87
Posterior cingulate gyrus L/R − 1 − 38 33 − 1 − 38 33 1805 4.44
Middle temporal gyrus L − 64 − 35 − 9 − 69 − 34 − 16 1578 4.15
Cerebellum R 5 − 74 − 27 5 − 75 − 37 1919 4.02

Table 3   Regions activated in 
response to violent success vs. 
non-violent success

Region Talairach coordinates MNI coordinates Cluster size 
(mm3)

T value

X Y Z X Y Z

Posterior cingulate gyrus R 17 − 38 24 17 − 40 24 1961 6.47
Parahippocampal gyrus L − 31 − 41 3 − 33 − 41 − 1 1870 6.44
Putamen L − 25 − 11 15 − 26 − 10 14 1385 6.32
Cerebellum L/R − 1 − 50 − 21 − 2 − 49 − 30 1400 5.03
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calculated average volume-to-volume displacements (mm/°) 
for violent and non-violent game conditions. The conditions 
differed with respect to translation along the x axis (t = 2.35, 
p = 0.03) and pitch (t = 2.65, p = 0.02), but none of the other 
parameters. None of these differences remained signifi-
cant after correction for multiple comparisons. To further 
exclude the possibility that the reported brain activations 
might reflect artefacts arising from head motion during the 
video game, we calculated an additional GLM with all 6 
rigid-body motion parameters (3 translations, 3 rotations) 
as confound predictors. The activation clusters in putamen 
and NAcc remained very similar using the same threshold, 
suggesting little influence of head motion on the observed 
responses in the reward system. Finally, to further evalu-
ate the possibility of motion confounds, we correlated the 
motion parameters with the event types across the different 
game conditions. Even without correction for multiple com-
parisons, none of the six motion parameters (x, y, z, pitch, 
roll, yaw) was correlated with any of the event types in any 
of the game conditions (all p < 0.22).

To evaluate a potential influence of the asymmetric suc-
cess/failure frequency rates (see Behavioral effects) on 
reward system activation patterns, we calculated a subject-
wise frequency asymmetry coefficient, which was defined as 
follows: (number of violent success events/number of vio-
lent failure events)/(number of non-violent success events/
number of non-violent failure events). The values of the 
frequency asymmetry coefficient were then correlated with 
the peak contrast values in the putamen and NAcc clus-
ters from Fig. 2a–e. This method allowed us to investigate 
whether interindividual differences in frequency asymme-
try were associated with interindividual differences in the 
reward system activation patterns. No correlations with the 
frequency asymmetry coefficient were observed in any of the 
reward system regions (all p > 0.16). Similarly, the ratio of 
success to failure events was unrelated to the reward system 
clusters, both in the violent (all p > 0.35) and non-violent 
(all p > 0.45) conditions. Finally, the success/failure rates of 
the violent and non-violent conditions were also unrelated 
to each other (r = − 0.08, p = 0.78).

Brain–emotion interaction

In the violent game condition, game affect (Game Experi-
ence Questionnaire) correlated positively with the responses 
to success (violent success > violent failure, see Fig. 2a) in 
the reward system, i.e. the putamen and the medial prefron-
tal cortex (mPFC; Fig. 3a). In other words, higher putamen 
and mPFC activity in this contrast predicted a more posi-
tive evaluation of the game play. This effect was absent for 
the non-violent game condition (non-violent success > non-
violent failure, compare Fig. 2c): without violence, suc-
cess-related activity in the reward system did not correlate 

with game affect (Fig. 3b). This difference was confirmed 
by the correlation analysis with the direct contrast of both 
success types (violent success > non-violent success); it 
revealed a significant cluster in the mPFC (Fig. 3c). Finally, 
both in mPFC and putamen, game affect correlated with 
the interaction success × violence ((violent success > vio-
lent failure) > (non-violent success > non-violent failure); 
Fig. 3d). Thereby, the data confirm a significant influence 
of violence-specific reward system activity on subjective 
game evaluation.

Robustness of fMRI results

Previous findings suggest that the BOLD responses to vio-
lent success in video games are robust across participants 
(Mathiak and Weber 2006). To evaluate whether this was 
also the case for the data in the present study, we created an 
exemplary group probability map of unthresholded 1st level 
maps for the contrast Violent success > Violent failure (see 
Fig. 2a, b). The results of the mapping are depicted in Fig. 4. 
Positive t values in right and left putamen, almost identical 
to the clusters from Fig. 2 a, were observed for > 75% of all 
participants (single voxels up to 100%; Fig. 4). Thus, the 
effects were robust across the group and clearly not driven 
by single participants or outliers.

Discussion

We studied the neural correlates of reward processing during 
success and failure events in a violent (killing vs. missing 
pedestrians) and a non-violent (bonus points vs. crashes) 
version of a racing game. The involvement of the striatal 
reward system depended on the violent content: violent 
events activated putamen (dorsal striatum) whereas non-
violent success affected NAcc (ventral striatum). Moreover, 
the activity of the putamen and the mPFC correlated with 
the affective game experience only in the violent version of 
the game. These results show a differential neural processing 
of violent and non-violent success events and emphasize the 
rewarding aspects of aggressive interactions in video games.

The NAcc (ventral striatum) has a key role in reward-
based acquisition and maintenance of behavior and in the 
motivational control of actions (for a review, see Ena et al. 
2011; Hart et al. 2014). In our study, ventral striatum activa-
tion was observed in a non-violent context. For the violent 
events, no difference between success and failure emerged; 
nevertheless, time series suggest that both violent and non-
violent success events may activate NAcc in a comparable 
fashion. The putamen (dorsal striatum), in turn, is implicated 
in goal-directed instrumental actions and reflects reward 
obtaining and reward probability (Breiter et al. 2001; Knut-
son et al. 2001, 2003; Preuschoff et al. 2006; Tobler et al. 
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2006). This neural system for goal-directed motor behav-
iour and reward-based learning may also mediate competi-
tive and instrumental aggression (Blair et al. 2006; Hill-
man 2013). Indeed, the putamen has been implicated in the 
processing of threatening stimuli (Sinke et al. 2010) as well 
as in aggression-related emotional states, such as contempt 
(Sambataro et al. 2006) and hate (Zeki and Romaya 2008). 
Animal studies also demonstrated higher dopamine turno-
ver in the putamen of aggressive mice (Tizabi et al. 1980). 
Zeki and Romaya (2008) proposed that the putamen may 
be involved in the planning of aggressive motor acts, being 
mobilized in a socio-emotional context. This view is sup-
ported by our data; putamen activity increased when the 
player planned and successfully performed an aggressive 
motor act.

In addition to the putamen, the mPFC was implicated 
in the positive experience of specifically violent game con-
tent. The mPFC is a target region of projections from the 
dopaminergic mesolimbic pathway of reward processing and 

Fig. 3   The game affect cor-
related positively in the left 
putamen and the medial 
prefrontal cortex (mPFC) with 
the responses to violent success 
vs. violent failure (a) but not 
the non-violent success vs. 
non-violent failure (b). The cor-
relation analysis with the direct 
contrast of violent success vs. 
non-violent success revealed a 
significant cluster in the mPFC 
(c). Both in mPFC and puta-
men, game affect correlated 
with the interaction contrast 
success × violence (d)

Fig. 4   Probability map of positive t values for the contrast Violent 
success > Violent failure, revealing robust effects across participants 
in the reward system
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is consistently activated during the processing of reward-
ing stimuli (for a review, see Fareri and Delgado 2014). It 
encodes affective stimulus properties (Grabenhorst et al. 
2008) and plays a central role in updating the neural rep-
resentation of incentive values in the adjacent orbitofrontal 
cortex (Kennerley and Walton 2011). In view of those find-
ings, recent models consider the mPFC an interface area 
between affective evaluation and decision making, integrat-
ing reward-related information with potential actions and 
their outcome probabilities (Alexander and Brown 2011). 
Moreover, mPFC is central for the regulation of aggres-
sion (for a review, see Blair 2004); the control of reactive 
aggressive behavior is frequently impaired after lesions to 
the mPFC (Grafman et al. 1996). Regulation abilities of the 
mPFC have been ascribed to cognitive control (Ochsner 
et al. 2004) and self-monitoring of emotions (Lane et al. 
1997). This extends also to mental states of others and the 
detection of social norm violations, which prevents socially 
inacceptable behavior (Berthoz et al. 2002). With respect 
to aggression, Lotze et al. (2007) suggested that the mPFC 
suppresses conflicting feelings of compassion and aversion 
towards the opponent and fosters adequate responses.

Bringing these notions together, we suggest an integra-
tive model for the role of the mPFC in virtual aggression. 
According to this model, the mPFC may support the sup-
pression of conflicting feelings towards the victim (compas-
sion and aggression) by activating the rewarding value of 
violence. This view is consistent with a model of Haber and 
Knutson (2010), hypothesizing an information flow from the 
ventral to the dorsal striatum: the NAcc is recruited early 
during reward prediction and responds to information about 
reward magnitude, whereas the activity of subsequent pro-
cessing moves dorsolaterally through the striatum, conceiv-
ably as a result of information integration from prefrontal 
circuits. In our study, this cortical mediation of the reward 
processing via mPFC—in accordance with Lotze et  al. 
(2007)—may have suppressed the feelings of compassion 
and allowed killing, resulting in the activity of putamen and 
mPFC, which led to a more positive evaluation of the game-
play. In a similar vein, in our previous study the temporal 
pole ameliorated the experience of failure events during 
game play (Mathiak et al. 2011). We found no correlation 
of affect with gaming behavior, which demonstrates that the 
enjoyment of game play and conceivably the reward sensi-
tivity to violence was not influenced by game performance. 
Further studies will help to verify the role of mPFC in sup-
pressing the feelings of compassion in violent video games.

Ventral and dorsal striatum are involved in the devel-
opment of goal-directed behavior particularly via coding 
reward expectation and reward prediction errors (Cohen 
2007; Garrison et al. 2013). Phasic increases in activity 
encode the positive prediction error, i.e. when the out-
come is better than anticipated, whereas activity decreases 

to negative prediction error are observed when outcomes 
are worse than expected (for a review see Schultz 2004). 
Neuroimaging studies repeatedly demonstrated the involve-
ment of both putamen and NAcc in the coding of negative 
prediction errors (McClure et al. 2003), e.g. in instrumental 
conditioning paradigms (Mattfeld et al. 2011). The present 
study found a reduction of striatal activity particularly after 
violent failure events. An early onset of putamen activation, 
anticipating the actual event, was followed by an immedi-
ate deactivation after the observed failure (Fig. 2b). Failure 
game events can thus be perceived as negative prediction 
errors in an instrumental conditioning paradigm. The game 
events encompass the anticipatory and appetitive phase 
of motivated behavior: the player anticipates a successful 
action leading to gaining reward points (killing a target in the 
violent version and bonus collection in a non-violent one). 
According to the principles of operant conditioning, violent 
game events may thus foster procedural learning processes.

Over the years, there has been a substantial amount of 
research dedicated to the question whether there is a rela-
tionship between virtual aggression and “real” social aggres-
sive interactions. It has been suggested that playing violent 
games is causal for real-life aggression (e.g. Anderson and 
Bushman 2002), but this view has also been challenged (e.g. 
Ferguson 2013). Apart from the debate about such transfer 
effects to the real world, it has been shown that violence 
against virtual characters seems to share psychological 
and neural features of real-life aggression. As an example, 
Cheetham et al. (2009) demonstrated that applying pain to 
an innocent virtual character in a virtual replication of the 
Milgram experiment involved brain networks of personal 
distress—although the participant was fully aware that the 
“victim” was no real person. Remarkably, virtual violence 
in games seems to share features of “hot” (i.e. reactive) and 
“cool” (i.e., instrumental) forms of aggression. On the one 
hand, game violence evokes emotional and physiological 
reactions, resembling “hot” aggression (Anderson and Bush-
man 2001; Gentile et al. 2016); on the other hand, emo-
tional reactions seem to be actively suppressed during vir-
tual violence, resembling “cool” aggression (Mathiak and 
Weber 2006). In summary, it seems justified to consider 
game violence an aggression form of its own, with some 
more and some less established connections to its real-life 
counterpart. In particular, a possible relationship between 
rewarding effects of real and virtual aggression forms is still 
unclear and needs further systematic investigation. First evi-
dence for a possible connection comes from fMRI research 
using the Point Subtraction Aggression Paradigm (PSAP; 
Cherek 1981). In this paradigm, reactive aggression towards 
the opponent leads to activation of the striatal brain reward 
system (Skibsted et  al. 2017). Striatal activation in the 
PSAP is stronger in violent offenders and positively related 
to trait aggression (da Cunha-Bang et al. 2017). There are 
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two tentative conclusions from these observations. First, 
social aggression can be rewarding, just as virtual violence. 
Second, these rewarding effects seem to generalize beyond 
the laboratory setting into real-world aggression. However, 
further studies are needed to establish these connections 
empirically.

Limitations

Our study has a number of limitations that have to be taken 
into account for the interpretation of the results.

First, the present study did not record psychophysiologi-
cal data that may have been associated with the game events. 
In particular, mPFC seems to be an important node for the 
regulation of psychophysiological markers such as heart rate 
variability (Sakaki et al. 2016). In fact, previous research has 
shown a stable association between the exposure to violent 
games and physiological arousal parameters such as heart 
rate (Anderson and Bushman 2001; Gentile et al. 2016). In 
line with the view of Thayer et al. (2012), the mPFC may be 
a node in a neurovisceral system of emotion regulation and 
experience. Thus, anticipation and/or experience of reward 
may lead to activation of this system, possibly supporting 
the hedonic component of reward experience. Future studies 
are needed to clarify the brain–heart interplay during the 
experience of complex, close-to-reality scenarios.

Second, striatal activity may also reflect motoric or 
sensory processes. Since aggression in the present game 
requires motor performance, a confound cannot entirely be 
ruled out, particularly since the controlled movement (but-
ton presses on the keyboard) was not recorded. In fact, two 
types of motion-related effects may influence the data: (1) 
head motion, which may cause substantial artefacts in fMRI 
data and can be a serious confound in functional neuroim-
aging experiments, and (2) brain activity resulting from 
event-related hand motion. As for (1), it seems unlikely 
that striatal activation patterns can be explained by motor 
processes. Only two out of six motion parameters differed 
between game conditions, and none of them remained sig-
nificant after correction for multiple comparisons. Also, 
including motion parameters as confound predictors had 
little influence on the results. Moreover, motion parameters 
were uncorrelated to all event types in all game conditions. 
As for (2), we suggest that hand motion-related brain activity 
should less be regarded as a confound, but more as an inte-
gral part of the game. The concepts “success” and “failure” 
are by definition consequences of an individual’s actions, 
and actions in a video game require hand motor activity. 
Thus, the neural processing of success and failure events is 
inextricably linked to button presses on the keypad and thus 
also to motor activity. Sensory processes, in turn, also offer 
only limited explanatory power since putamen activity in our 

study increased already in the anticipatory phase, i.e. before 
hitting the pedestrian. Thus, it seems justified to assume that 
striatal activity is substantially related to reward processing.

Third, another limitation concerns the assessment of sub-
jective game evaluation. Since the GEQ was presented after 
the end of the gameplay, there was no separate evaluation 
of the violent and non-violent gameplay sessions. As for the 
overall game evaluation, the correlation with event-related 
brain activity suggests that game enjoyment was associated 
with the rewarding effects of violent success. This is also 
supported by the fact that the subjects who played the violent 
version of the game in their last session demonstrated lower 
negative affect.

Fourth, a limiting aspect concerns the game events in vio-
lent and non-violent conditions. Whereas the violent targets 
were mobile, the non-violent targets were static. Clearly, 
this can be considered a confounding factor. However, this 
violence-free modification was a gaming mode of the game 
Carmageddon: TDR2000 and thus ecologically valid with 
respect to real-life game play. This is directly related to a 
core challenge of semi-naturalistic designs: finding a trade-
off between a well-controlled (but artificial) situation and a 
“real-life” (but uncontrolled) situation (reliability-validity 
dilemma, Lienert and Raatz 1998). In the case of semi-
naturalistic designs, it will be difficult to avoid this kind 
of associated additional variables. Thus, they can as well 
be considered part of an ecologically valid setup. Nonethe-
less, we sought to investigate whether the aspect of target 
motion had an influence on reward system activity. For this 
purpose, we calculated the contrast (violent success + vio-
lent failure) > (non-violent success + non-violent failure). 
This contrast reflected the difference between moving and 
non-moving targets. At the predefined threshold (p < 0.05, 
Monte–Carlo-corr.), the mapping revealed relative deacti-
vations for moving targets in many brain areas, including 
anterior insula, inferior frontal gyrus, dorsomedial prefrontal 
cortex, posterior cingulate cortex, precuneus, somatosensory 
cortex, as well as primary and higher visual areas. Relative 
activations were limited to one cluster in the left hippocam-
pus. No differences were observed in regions of the reward 
system. Thus, there is no evidence for an influence of target 
motion on reward system activity in the present study.

Finally, although the visual and auditory stimulation was 
matched between the game conditions, allover sound inten-
sities differed across the participants since the sound level 
was adjusted individually. It seems possible that these differ-
ences may constitute a potential confounder, which cannot 
be ruled out since the individual volume settings for the 
scanner headphones were not recorded. However, since the 
volume adjustment took place already before the first game 
session, it seems unlikely that these individual differences 
had a substantial influence on the comparison of the different 
game conditions or event types.
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Conclusions

The present study gives insight into the neural mecha-
nisms during violent and non-violent video game playing. 
The aspect of violence modified neural processing of the 
game in several ways. First, violent actions led to a marked 
response pattern in the dorsal striatum which points at 
reward-based learning processes. Second, reward system 
activation specifically during virtual violence predicted 
a positive emotional response to the game. Together, 
these findings are a clear indication that game violence 
is rewarding even beyond the aspect of success. Violence 
itself thus seems to be a driving factor for gameplay moti-
vation—and may even promote video game addiction, 
which is as well characterized by game-induced reward 
system hyperactivation (Ko et al. 2009). Further research 
may thus clarify the role of violence in the development 
of excessive game consumption.

Funding  K.A.M. was supported by a Habilitationsstipendium of the 
Faculty of Medicine, RWTH Aachen, and by the START-Program 
of the Faculty of Medicine, RWTH Aachen. K.M. was supported by 
AstraZeneca GmbH (Study Code D1449L00032), the Interdiscipli-
nary Center for Clinical Research (ICCR) Aachen (N4.2), the Ger-
man Research Foundation (Deutsche Forschungsgemeinschaft (DFG); 
IRTG 1328, MA 2631/6-1), and the Federal Ministry of Education and 
Research (APIC: 01EE1405A, 01EE1405B, 01EE1405C). All other 
authors (M.K., M.Z., P.S., and R.W.) report no funding. We thank 
the ICCR Aachen Brain Imaging Facility for technical assistance and 
support

Compliance with ethical standards 

Conflict of interest  All authors (M.K., K.A.M., M.Z., P.S., R.W., 
K.M.) report no further conflicts of interest.

Ethical approval  All procedures performed in studies involving human 
participants were in accordance with the ethical standards of the insti-
tutional and/or national research committee and with the 1964 Helsinki 
declaration and its later amendments or comparable ethical standards.

Informed consent  Informed consent was obtained from all individual 
participants included in the study.

References

Alexander WH, Brown JW (2011) Medial prefrontal cortex as an 
action-outcome predictor. Nat Neurosci 14(10):1338–1344. 
https​://doi.org/10.1038/nn.2921

Anderson CA, Bushman BJ (2001) Effects of violent video games 
on aggressive behavior, aggressive cognition, aggressive affect, 
physiological arousal, and prosocial behavior: a meta-analytic 
review of the scientific literature. Psychol Sci 12:353–359

Anderson CA, Bushman BJ (2002) Psychology. The effects of media 
violence on society. Science 295:2377–2379

Anderson NE, Kiehl KA (2012) The psychopath magnetized: insights 
from brain imaging. Trends Cogn Sci 16(1):52–60. https​://doi.
org/10.1016/j.tics.2011.11.008

Berthoz S, Armony JL, Blair RJ, Dolan RJ (2002) An fMRI study of 
intentional and unintentional (embarrassing) violations of social 
norms. Brain 125(Pt 8):1696–1708

Blair RJ (2004) The roles of orbital frontal cortex in the modulation 
of antisocial behavior. Brain Cogn 55(1):198–208. https​://doi.
org/10.1016/s0278​-2626(03)00276​-8

Blair RJ, Peschardt KS, Budhani S, Pine DS (2006) Neurobiology of 
aggression in children. In: Nelson RJ (ed) Biology of aggression. 
Oxford University Press, Oxford

Boccardi M, Bocchetta M, Aronen HJ, Repo-Tiihonen E, Vaurio O, 
Thompson PM et al (2013) Atypical nucleus accumbens mor-
phology in psychopathy: another limbic piece in the puzzle. 
Int J Law Psychiatry 36(2):157–167. https​://doi.org/10.1016/j.
ijlp.2013.01.008

Breiter HC, Aharon I, Kahneman D, Dale A, Shizgal P (2001) Func-
tional imaging of neural responses to expectancy and experience 
of monetary gains and losses. Neuron 30(2):619–639

Buckholtz JW, Treadway MT, Cowan RL, Woodward ND, Benning 
SD, Li R et al (2010) Mesolimbic dopamine reward system hyper-
sensitivity in individuals with psychopathic traits. Nat Neurosci 
13(4):419–421

Bufkin JL, Luttrell VR (2005) Neuroimaging studies of aggressive and 
violent behavior: current findings and implications for criminol-
ogy and criminal justice. Trauma Violence Abuse 6(2):176–191. 
https​://doi.org/10.1177/15248​38005​27508​9

Bushman BJ, Anderson CA (2009) Comfortably numb: desensitizing 
effects of violent media on helping others. Psychol Sci 20(3):273–
277. https​://doi.org/10.1111/j.1467-9280.2009.02287​.x

Carnagey NL, Anderson CA (2005) The effects of reward and pun-
ishment in violent video games on aggressive affect, cognition, 
and behavior. Psychol Sci 16(11):882–889. https​://doi.org/10.11
11/j.1467-9280.2005.01632​.x

Cheetham M, Pedroni AF, Antley A, Slater M, Jancke L (2009) Virtual 
milgram: empathic concern or personal distress? Evidence from 
functional MRI and dispositional measures. Front Hum Neurosci 
3:29

Chen PA, Chavez RS, Heatherton TF (2017) Structural integrity 
between executive control and reward regions of the brain predicts 
body fat percentage in chronic dieters. Cogn Neurosci 8(3):162–
166. https​://doi.org/10.1080/17588​928.2016.12355​56

Cherek DR (1981) Effects of smoking different doses of nicotine on 
human aggressive behavior. Psychopharmacology 75:339–345

Coccaro EF, Sripada CS, Yanowitch RN, Phan KL (2011) Corti-
colimbic function in impulsive aggressive behavior. Biol Psy-
chiatry 69(12):1153–1159. https​://doi.org/10.1016/j.biops​
ych.2011.02.032

Cohen MX (2007) Individual differences and the neural representa-
tions of reward expectation and reward prediction error. Soc Cogn 
Affect Neurosci 2(1):20–30. https​://doi.org/10.1093/scan/nsl02​1

Cole SW, Yoo DJ, Knutson B (2012) Interactivity and reward-
related neural activation during a serious videogame. PLoS One 
7(3):e33909

Couppis MH, Kennedy CH (2008) The rewarding effect of aggres-
sion is reduced by nucleus accumbens dopamine receptor antago-
nism in mice. Psychopharmacology 197(3):449–456. https​://doi.
org/10.1007/s0021​3-007-1054-y

da Cunha-Bang S, Fisher PM, Hjordt LV, Perfalk E, Persson Skibsted 
A, Bock C, Ohlhues Baandrup A, Deen M, Thomsen C, Sestoft 
DM, Knudsen GM (2017) Violent offenders respond to provoca-
tions with high amygdala and striatal reactivity. Soc Cogn Affect 
Neurosci 12:802–810

de Quervain DJ, Fischbacher U, Treyer V, Schellhammer M, 
Schnyder U, Buck A, Fehr E (2004) The neural basis of 

https://doi.org/10.1038/nn.2921
https://doi.org/10.1016/j.tics.2011.11.008
https://doi.org/10.1016/j.tics.2011.11.008
https://doi.org/10.1016/s0278-2626(03)00276-8
https://doi.org/10.1016/s0278-2626(03)00276-8
https://doi.org/10.1016/j.ijlp.2013.01.008
https://doi.org/10.1016/j.ijlp.2013.01.008
https://doi.org/10.1177/1524838005275089
https://doi.org/10.1111/j.1467-9280.2009.02287.x
https://doi.org/10.1111/j.1467-9280.2005.01632.x
https://doi.org/10.1111/j.1467-9280.2005.01632.x
https://doi.org/10.1080/17588928.2016.1235556
https://doi.org/10.1016/j.biopsych.2011.02.032
https://doi.org/10.1016/j.biopsych.2011.02.032
https://doi.org/10.1093/scan/nsl021
https://doi.org/10.1007/s00213-007-1054-y
https://doi.org/10.1007/s00213-007-1054-y


68	 Brain Structure and Function (2020) 225:57–69

1 3

altruistic punishment. Science 305(5688):1254–1258. https​://doi.
org/10.1126/scien​ce.11007​35

Delville Y, Newmann ML, Wommack JC, Taravosh-Lahn K, Cervantec 
C (2006) Development of aggression. In: Nelson RJ (ed) Biology 
of aggression. Oxford University Press, Oxford

Ena S, de Kerchove d’Exaerde A, Schiffmann SN (2011) Unrave-
ling the differential functions and regulation of striatal neuron 
sub-populations in motor control, reward, and motivational pro-
cesses. Front Behav Neurosci 5:47. https​://doi.org/10.3389/fnbeh​
.2011.00047​

Fareri DS, Delgado MR (2014) Social rewards and social networks 
in the human brain. Neuroscientist 20(4):387–402. https​://doi.
org/10.1177/10738​58414​52186​9

Ferguson CJ (2013) Adolescents, crime, and the media: a critical analy-
sis. Springer, New York

Fish EW, De Bold JF, Miczek KA (2002) Aggressive behavior as a 
reinforcer in mice: activation by allopregnanolone. Psychop-
harmacology 163(3–4):459–466. https​://doi.org/10.1007/s0021​
3-002-1211-2

Fontaine RG (2007) Disentangling the psychology and law of instru-
mental and reactive subtypes of aggression. Psychol Public Policy 
Law 13(2):143–165

Garrison J, Erdeniz B, Done J (2013) Prediction error in reinforce-
ment learning: a meta-analysis of neuroimaging studies. Neurosci 
Biobehav Rev 37(7):1297–1310. https​://doi.org/10.1016/j.neubi​
orev.2013.03.023

Gentile D, Bender P, Anderson C (2016) Violent video game effects 
on salivary cortisol, arousal, and aggressive thoughts in children. 
Comput Hum Behav. https​://doi.org/10.1016/j.chb.2016.12.045

Grabenhorst F, Rolls ET, Parris BA (2008) From affective value to deci-
sion-making in the prefrontal cortex. Eur J Neurosci 28(9):1930–
1939. https​://doi.org/10.1111/j.1460-9568.2008.06489​.x

Grafman J, Schwab K, Warden D, Pridgen A, Brown HR, Salazar AM 
(1996) Frontal lobe injuries, violence, and aggression: a report 
of the Vietnam Head Injury Study. Neurology 46(5):1231–1238

Haber SN, Knutson B (2010) The reward circuit: linking primate anat-
omy and human imaging. Neuropsychopharmacology 35(1):4–26. 
https​://doi.org/10.1038/npp.2009.129

Hart G, Leung BK, Balleine BW (2014) Dorsal and ventral streams: the 
distinct role of striatal subregions in the acquisition and perfor-
mance of goal-directed actions. Neurobiol Learn Mem 108:104–
118. https​://doi.org/10.1016/j.nlm.2013.11.003

Hillman KL (2013) Cost-benefit analysis: the first real rule of fight 
club? Front Neurosci 7:248. https​://doi.org/10.3389/fnins​
.2013.00248​

Hoeft F, Watson CL, Kesler SR, Bettinger KE, Reiss AL (2008) Gen-
der differences in the mesocorticolimbic system during com-
puter game-play. J Psychiatr Res 42(4):253–258. https​://doi.
org/10.1016/j.jpsyc​hires​.2007.11.010

Hoptman MJ (2003) Neuroimaging studies of violence and antisocial 
behavior. J Psychiatr Pract 9(4):265–278

Ijsselsteijn W, Poels K, De Kort YAW (2008) The game experience 
questionnaire: development of a self-report measure to assess 
player experiences of digital games. TU Eindhoven, Eindhoven

Katsyri J, Hari R, Ravaja N, Nummenmaa L (2013a) The opponent 
matters: elevated FMRI reward responses to winning against a 
human versus a computer opponent during interactive video game 
playing. Cereb Cortex 23(12):2829–2839. https​://doi.org/10.1093/
cerco​r/bhs25​9

Katsyri J, Hari R, Ravaja N, Nummenmaa L (2013b) Just watching the 
game ain’t enough: striatal fMRI reward responses to successes 
and failures in a video game during active and vicarious play-
ing. Front Hum Neurosci 7:278. https​://doi.org/10.3389/fnhum​
.2013.00278​

Kennerley SW, Walton ME (2011) Decision making and 
reward in frontal cortex: complementary evidence from 

neurophysiological and neuropsychological studies. Behav 
Neurosci 125(3):297–317. https​://doi.org/10.1037/a0023​575

Klasen M, Zvyagintsev M, Weber R, Mathiak KA, Mathiak K 
(2008) Think Aloud during fMRI: neuronal correlates of sub-
jective experience in video games. Lect Notes Comput Sci 
5294:132–138

Klasen M, Weber R, Kircher TT, Mathiak KA, Mathiak K (2012) Neu-
ral contributions to flow experience during video game playing. 
Soc Cogn Affect Neurosci 7(4):485–495. https​://doi.org/10.1093/
scan/nsr02​1

Klasen M, Zvyagintsev M, Schwenzer M, Mathiak KA, Sarkheil P, 
Weber R, Mathiak K (2013) Quetiapine modulates functional con-
nectivity in brain aggression networks. Neuroimage 75:20–26. 
https​://doi.org/10.1016/j.neuro​image​.2013.02.053

Knutson B, Fong GW, Adams CM, Varner JL, Hommer D (2001) Dis-
sociation of reward anticipation and outcome with event-related 
fMRI. NeuroReport 12(17):3683–3687

Knutson B, Fong GW, Bennett SM, Adams CM, Hommer D (2003) 
A region of mesial prefrontal cortex tracks monetarily rewarding 
outcomes: characterization with rapid event-related fMRI. Neu-
roimage 18(2):263–272

Ko CH, Liu GC, Hsiao S, Yen JY, Yang MJ, Lin WC et al (2009) Brain 
activities associated with gaming urge of online gaming addic-
tion. J Psychiatr Res 43(7):739–747. https​://doi.org/10.1016/j.
jpsyc​hires​.2008.09.012

Koepp MJ, Gunn RN, Lawrence AD, Cunningham VJ, Dagher A, 
Jones T et  al (1998) Evidence for striatal dopamine release 
during a video game. Nature 393(6682):266–268. https​://doi.
org/10.1038/30498​

Kramer UM, Jansma H, Tempelmann C, Munte TF (2007) Tit-for-tat: 
the neural basis of reactive aggression. Neuroimage 38(1):203–
211. https​://doi.org/10.1016/j.neuro​image​.2007.07.029

Lane RD, Fink GR, Chau PM, Dolan RJ (1997) Neural activation dur-
ing selective attention to subjective emotional responses. Neu-
roReport 8(18):3969–3972

Lienert GA, Raatz U (1998) Testaufbau und Testanalyse, 6th edn. Beltz 
PVU, Weinheim

Lotze M, Veit R, Anders S, Birbaumer N (2007) Evidence for a dif-
ferent role of the ventral and dorsal medial prefrontal cortex for 
social reactive aggression: an interactive fMRI study. Neuroimage 
34(1):470–478. https​://doi.org/10.1016/j.neuro​image​.2006.09.028

Marsh AA (2013) What can we learn about emotion by studying psy-
chopathy? Front Hum Neurosci 7:181. https​://doi.org/10.3389/
fnhum​.2013.00181​

Mathiak K, Weber R (2006) Toward brain correlates of natural 
behavior: fMRI during violent video games. Hum Brain Mapp 
27(12):948–956. https​://doi.org/10.1002/hbm.20234​

Mathiak KA, Klasen M, Weber R, Ackermann H, Shergill SS, Mathiak 
K (2011) Reward system and temporal pole contributions to affec-
tive evaluation during a first person shooter video game. BMC 
Neurosci 12:66. https​://doi.org/10.1186/1471-2202-12-66

Mathiak KA, Klasen M, Zvyagintsev M, Weber R, Mathiak K (2013) 
Neural networks underlying affective states in a multimodal vir-
tual environment: contributions to boredom. Front Hum Neurosci 
7:820. https​://doi.org/10.3389/fnhum​.2013.00820​

Mattfeld AT, Gluck MA, Stark CE (2011) Functional specialization 
within the striatum along both the dorsal/ventral and anterior/
posterior axes during associative learning via reward and pun-
ishment. Learn Mem 18(11):703–711. https​://doi.org/10.1101/
lm.02288​9.111

McClure SM, Berns GS, Montague PR (2003) Temporal prediction 
errors in a passive learning task activate human striatum. Neuron 
38(2):339–346

Nummenmaa L, Niemi P (2004) Inducing affective states with success-
failure manipulations: a meta-analysis. Emotion 4(2):207–214. 
https​://doi.org/10.1037/1528-3542.4.2.207

https://doi.org/10.1126/science.1100735
https://doi.org/10.1126/science.1100735
https://doi.org/10.3389/fnbeh.2011.00047
https://doi.org/10.3389/fnbeh.2011.00047
https://doi.org/10.1177/1073858414521869
https://doi.org/10.1177/1073858414521869
https://doi.org/10.1007/s00213-002-1211-2
https://doi.org/10.1007/s00213-002-1211-2
https://doi.org/10.1016/j.neubiorev.2013.03.023
https://doi.org/10.1016/j.neubiorev.2013.03.023
https://doi.org/10.1016/j.chb.2016.12.045
https://doi.org/10.1111/j.1460-9568.2008.06489.x
https://doi.org/10.1038/npp.2009.129
https://doi.org/10.1016/j.nlm.2013.11.003
https://doi.org/10.3389/fnins.2013.00248
https://doi.org/10.3389/fnins.2013.00248
https://doi.org/10.1016/j.jpsychires.2007.11.010
https://doi.org/10.1016/j.jpsychires.2007.11.010
https://doi.org/10.1093/cercor/bhs259
https://doi.org/10.1093/cercor/bhs259
https://doi.org/10.3389/fnhum.2013.00278
https://doi.org/10.3389/fnhum.2013.00278
https://doi.org/10.1037/a0023575
https://doi.org/10.1093/scan/nsr021
https://doi.org/10.1093/scan/nsr021
https://doi.org/10.1016/j.neuroimage.2013.02.053
https://doi.org/10.1016/j.jpsychires.2008.09.012
https://doi.org/10.1016/j.jpsychires.2008.09.012
https://doi.org/10.1038/30498
https://doi.org/10.1038/30498
https://doi.org/10.1016/j.neuroimage.2007.07.029
https://doi.org/10.1016/j.neuroimage.2006.09.028
https://doi.org/10.3389/fnhum.2013.00181
https://doi.org/10.3389/fnhum.2013.00181
https://doi.org/10.1002/hbm.20234
https://doi.org/10.1186/1471-2202-12-66
https://doi.org/10.3389/fnhum.2013.00820
https://doi.org/10.1101/lm.022889.111
https://doi.org/10.1101/lm.022889.111
https://doi.org/10.1037/1528-3542.4.2.207


69Brain Structure and Function (2020) 225:57–69	

1 3

Ochsner KN, Ray RD, Cooper JC, Robertson ER, Chopra S, Gabrieli 
JD, Gross JJ (2004) For better or for worse: neural systems sup-
porting the cognitive down- and up-regulation of negative emo-
tion. Neuroimage 23(2):483–499. https​://doi.org/10.1016/j.neuro​
image​.2004.06.030

Patrick CJ (2008) Psychophysiological correlates of aggression and 
violence: an integrative review. Philos Trans R Soc Lond B Biol 
Sci 363(1503):2543–2555. https​://doi.org/10.1098/rstb.2008.0028

Paus T (2005) Mapping brain development and aggression. Can Child 
Adolesc Psychiatr Rev 14(1):10–15

Pellis SM, Castaneda E, McKenna MM, Tran-Nguyen LT, Whishaw 
IQ (1993) The role of the striatum in organizing sequences of 
play fighting in neonatally dopamine-depleted rats. Neurosci Lett 
158(1):13–15

Preuschoff K, Bossaerts P, Quartz SR (2006) Neural differentiation of 
expected reward and risk in human subcortical structures. Neuron 
51(3):381–390. https​://doi.org/10.1016/j.neuro​n.2006.06.024

Przybylski AK, Rigby CS, Ryan RM (2010) A motivational model of 
video game engagement. Rev Gen Psychol 14:154–166

Sakaki M, Yoo HJ, Nga L, Lee TH, Thayer JF, Mather M (2016) Heart 
rate variability is associated with amygdala functional connec-
tivity with MPFC across younger and older adults. Neuroimage 
139:44–52

Sambataro F, Dimalta S, Di Giorgio A, Taurisano P, Blasi G, 
Scarabino T et  al (2006) Preferential responses in amygdala 
and insula during presentation of facial contempt and dis-
gust. Eur J Neurosci 24(8):2355–2362. https​://doi.org/10.111
1/j.1460-9568.2006.05120​.x

Schultz W (2004) Neural coding of basic reward terms of animal 
learning theory, game theory, microeconomics and behavioural 
ecology. Curr Opin Neurobiol 14(2):139–147. https​://doi.
org/10.1016/j.conb.2004.03.017

Sinke CB, Sorger B, Goebel R, de Gelder B (2010) Tease or threat? 
Judging social interactions from bodily expressions. Neuroim-
age 49(2):1717–1727. https​://doi.org/10.1016/j.neuro​image​
.2009.09.065

Skibsted AP, Cunha-Bang SD, Carre JM, Hansen AE, Beliveau V, 
Knudsen GM, Fisher PM (2017) Aggression-related brain func-
tion assessed with the Point Subtraction Aggression Paradigm in 
fMRI. Aggress Behav 43:601–610

Slater M, Antley A, Davison A, Swapp D, Guger C, Barker C et al 
(2006) A virtual reprise of the Stanley Milgram obedience 
experiments. PLoS One 1:e39. https​://doi.org/10.1371/journ​
al.pone.00000​39

Sterzer P, Stadler C (2009) Neuroimaging of aggressive and violent 
behaviour in children and adolescents. Front Behav Neurosci 3:35. 
https​://doi.org/10.3389/neuro​.08.035.2009

Taylor SP (1967) Aggressive behavior and physiological arousal as a 
function of provocation and the tendency to inhibit aggression. J 
Pers 35:297–310

Thayer JF, Ahs F, Fredrikson M, Sollers JJ 3rd, Wager TD (2012) A 
meta-analysis of heart rate variability and neuroimaging studies: 
implications for heart rate variability as a marker of stress and 
health. Neurosci Biobehav Rev 36:747–756

Tizabi Y, Massari VJ, Jacobowitz DM (1980) Isolation induced aggres-
sion and catecholamine variations in discrete brain areas of the 
mouse. Brain Res Bull 5(1):81–86

Tobler PN, O’Doherty JP, Dolan RJ, Schultz W (2006) Human neu-
ral learning depends on reward prediction errors in the blocking 
paradigm. J Neurophysiol 95(1):301–310. https​://doi.org/10.1152/
jn.00762​.2005

Weber R, Behr K-M, Tamborini R, Ritterfeld U, Mathiak K (2009) 
What do we really know about first-person-shooter games? An 
event-related, high resolution content analysis. J Comput Mediat 
Commun 14:1016–1037

Yang Y, Raine A (2009) Prefrontal structural and functional brain 
imaging findings in antisocial, violent, and psychopathic indi-
viduals: a meta-analysis. Psychiatry Res 174(2):81–88. https​://
doi.org/10.1016/j.pscyc​hresn​s.2009.03.012

Zaki J, Ochsner KN (2012) The neuroscience of empathy: progress, 
pitfalls and promise. Nat Neurosci 15(5):675–680. https​://doi.
org/10.1038/nn.3085

Zeki S, Romaya JP (2008) Neural correlates of hate. PLoS One 
3(10):e3556. https​://doi.org/10.1371/journ​al.pone.00035​56

Zink CF, Tong Y, Chen Q, Bassett DS, Stein JL, Meyer-Lindenberg A 
(2008) Know your place: neural processing of social hierarchy in 
humans. Neuron 58(2):273–283. https​://doi.org/10.1016/j.neuro​
n.2008.01.025

Zvyagintsev M, Klasen M, Weber R, Sarkheil P, Esposito F, Mathiak 
KA et al (2016) Violence-related content in video game may lead 
to functional connectivity changes in brain networks as revealed 
by fMRI-ICA in young men. Neuroscience 320:247–258. https​://
doi.org/10.1016/j.neuro​scien​ce.2016.01.056

Publisher’s Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1016/j.neuroimage.2004.06.030
https://doi.org/10.1016/j.neuroimage.2004.06.030
https://doi.org/10.1098/rstb.2008.0028
https://doi.org/10.1016/j.neuron.2006.06.024
https://doi.org/10.1111/j.1460-9568.2006.05120.x
https://doi.org/10.1111/j.1460-9568.2006.05120.x
https://doi.org/10.1016/j.conb.2004.03.017
https://doi.org/10.1016/j.conb.2004.03.017
https://doi.org/10.1016/j.neuroimage.2009.09.065
https://doi.org/10.1016/j.neuroimage.2009.09.065
https://doi.org/10.1371/journal.pone.0000039
https://doi.org/10.1371/journal.pone.0000039
https://doi.org/10.3389/neuro.08.035.2009
https://doi.org/10.1152/jn.00762.2005
https://doi.org/10.1152/jn.00762.2005
https://doi.org/10.1016/j.pscychresns.2009.03.012
https://doi.org/10.1016/j.pscychresns.2009.03.012
https://doi.org/10.1038/nn.3085
https://doi.org/10.1038/nn.3085
https://doi.org/10.1371/journal.pone.0003556
https://doi.org/10.1016/j.neuron.2008.01.025
https://doi.org/10.1016/j.neuron.2008.01.025
https://doi.org/10.1016/j.neuroscience.2016.01.056
https://doi.org/10.1016/j.neuroscience.2016.01.056

	Selective reward responses to violent success events during video games
	Abstract
	Introduction
	Materials and Methods
	Participants
	Procedure
	Image acquisition
	Content analysis and event definition
	Image analysis

	Results
	Behavioral effects
	fMRI
	Violent success > violent failure
	Non-violent success > non-violent failure
	Violent success > non-violent success
	Brain–emotion interaction
	Robustness of fMRI results


	Discussion
	Limitations
	Conclusions
	References




