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Abstract
Alcohol intoxication is implicated in approximately half of all violent crimes. Over the past several decades, numerous theories have
been proposed to account for the influence of alcohol on aggression. Nearly all of these theories imply that altered functioning in the
prefrontal cortex is a proximal cause. In the present functional magnetic resonance imaging (fMRI) experiment, 50 healthy young
men consumed either a low dose of alcohol or a placebo and completed an aggression paradigm against provocative and
nonprovocative opponents. Provocation did not affect neural responses. However, relative to sober participants, during acts of
aggression, intoxicated participants showed decreased activity in the prefrontal cortex, caudate, and ventral striatum, but heightened
activation in the hippocampus. Among intoxicated participants, but not among sober participants, aggressive behavior was posi-
tively correlated with activation in the medial and dorsolateral prefrontal cortex. These results support theories that posit a role for
prefrontal cortical dysfunction as an important factor in intoxicated aggression.
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Alcohol is the most common psychotropic contributor to ag-
gressive behavior. In many parts of the world, acute alcohol
consumption is implicated in approximately 35% to 60% of
violent crimes. Population-based research shows that alcohol
is associated with many forms of violence, including homicide,
physical assault, sexual assault, intimate partner violence, and
child abuse (Foran &O’Leary, 2008; Hoaken & Stewart, 2003;
Murdoch & Ross, 1990; Quigley & Leonard, 2000; Room &

Rossow, 2001; U.S. Department of Justice, 1998;WHO, 2006).
Meta-analyses of placebo-controlled experiments consistently
reveal small to moderate effects of acute alcohol consumption
on aggressive behavior in laboratory studies (Bushman, 1993;
Bushman & Cooper, 1990; Hull & Bond, 1986; Ito, Miller, &
Pollock, 1996; Steele & Southwick, 1985).

By itself, alcohol consumption is typically considered insuf-
ficient to spontaneously elicit aggressive behavior (Graham,
1980). However, when combined with hostile situations or dis-
positional aggressiveness, alcohol can promote aggressive be-
havior. Finkel and colleagues’ I3 theory (pronounced BI-cubed
theory^) provides a conceptual basis for understanding how
alcohol can impact aggressive behavior (Denson, DeWall, &
Finkel, 2012; Finkel & Hall, 2017). According to I3 theory,
three processes cause aggression: instigation, impellance, and
inhibition. Instigating factors are those that arouse aggressive
tendencies in most people, such as provocation or social rejec-
tion. Impelling factors are situational or dispositional character-
istics that enhance the severity of aggression (e.g., a long his-
tory of prior conflict). Inhibition processes refer to factors that
can prevent aggression (e.g., high self-control). According to I3

theory, alcohol reduces self-control and can thereby promote
aggression when instigating and/or impelling factors are pres-
ent (Graham, 1980; Heinz, Beck, Meyer-Lindenberg, Sterzer,
& Heinz, 2011). In accordance with I3 theory, there is much
evidence that people who possess an alcohol use disorder or
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strong impelling dispositions toward violence commit a dispro-
portionate amount of alcohol-related violence (Fals-Stewart,
Leonard, & Birchler, 2005; Parrott & Zeichner, 2002;
Swanson, Holzer, Ganju, & Jono, 1990; for a similar effect in
mice, see Miczek, Barros, Sakoda, & Weerts, 1998). In the
present research, we focused on instigation (i.e., provo-
cation) and disinhibition (i.e., alcohol intoxication) in
healthy young men in order to provide a basis for future work
on the neural correlates of alcohol-related aggression in
violence-prone individuals.

Although little neuroimaging research has examined intox-
icated aggression, there is a growing body of research that is
discovering the neural mechanisms of sober aggression. Most
of these studies have used the Taylor (1967) Aggression
Paradigm (TAP), which has been modified for fMRI research
(e.g., Krämer, Jansma, Tempelmann, & Münte, 2007; Lotze,
Veit, Anders, & Birbaumer, 2007). During the TAP’s decision
phase, participants behave aggressively by selecting noxious
stimuli to be sent to a provoking or nonprovoking opponent.
During these acts of aggression, participants typically show
increased blood-oxygen-level-dependent (BOLD) responses
in prefrontal regions, subcortical limbic structures, and re-
gions associated with reward processing (Krämer et al.,
2007; Krämer, Riba, Richter, & Münte, 2011; Lotze et al.,
2007). Specifically, studies found that the TAP activated the
dorsolateral prefrontal cortex (PFC), ventrolateral PFC, medi-
al PFC, anterior cingulate, amygdala, putamen, caudate, thal-
amus, insula, ventral striatum, and hippocampus (Chester &
DeWall, 2016; Emmerling et al., 2016; Krämer et al., 2007;
Lotze et al., 2007). Thus, behaving aggressively activates neu-
ral responses associated with negative affect, arousal,
cognitive-behavioral control, mentalizing, and reward.

The specific regions responsible for producing aggressive
behavior remain under investigation. Some studies have
shown positive associations between reward regions and ag-
gression. Activation in the caudate (Beyer, Münte, Erdmann,
& Krämer, 2014) and nucleus accumbens (Chester & DeWall,
2016) during the TAP positively correlated with aggressive
behavior. The role of the PFC remains less clear. Lotze et al.
(2007) found that activation in the medial PFC positively cor-
related with the extent of pain selected for the opponent in the
TAP, possibly due to negativementalizing about the opponent.
Similarly, Chester et al. (2013) found that dorsal anterior cin-
gulate activation in response to social exclusion positively
predicted aggression, but only among participants low in ex-
ecutive functioning. However, another study found inverse
relationships between aggressive behavior and activation in
the dorsolateral PFC, amygdala, and hippocampus
(Achterberg, van Duijvenvoorde, Bakermans-Kranenburg, &
Crone, 2016). Manipulations of frontal hemispheric domi-
nance via transcranial direct current stimulation effectively
reduced aggression when applied to the right ventrolateral
PFC (Riva et al., 2015) but did not reduce reactive aggression

when applied to the right dorsolateral PFC (Dambacher et al.,
2015b). Thus, in sober participants, the lateral PFC may in-
hibit aggressiveness, whereas the medial PFC may promote
aggressiveness. More research is needed on the neural mech-
anisms responsible for sober and intoxicated aggression.

Acute alcohol consumption increases serotonin and dopa-
mine release while simultaneously exerting inhibitory action
in the cortex through gamma-aminobutyric acid release. The
putative proximal mechanism through which acute alcohol
consumption enhances aggression is reduced activity in the
PFC (Heinz et al., 2011). Heinz et al. (2011) reviewed psy-
chological and biological theories of alcohol and aggression.
Nearly all of the theories implicated decreased activation in
the PFC in some manner. Furthermore, in hostile situations,
alcohol-induced reduction in PFC activity is thought to weak-
en the regulation of activity in the ventral striatum and amyg-
dala (Gan, Sterzer, Marxen, Zimmermann, & Smolka, 2015;
Heinz et al., 2011). Indeed, in one study of heavy social
drinkers, acute alcohol intoxication weakened coupling be-
tween the amygdala and orbitofrontal cortex when viewing
emotional faces (Gorka, Fitzgerald, King, & Phan, 2013).

The alcohol-induced disruption to the PFC is evidenced by
relativelypoor performanceonnumerous tests of executive func-
tions. Indeed, when participants consumed alcohol relative to
placebo, theyshowedimpairments incognitiveabilitiesmediated
by the PFC, such as attentional control, planning, set switching,
response inhibition, and information processing (Easdon &
Vogel-Sprott, 2000; Finn, Justus, Mazas, & Steinmetz, 1999;
Guillot, Fanning, Bullock, McCloskey, & Berman, 2010;
Lyvers & Maltzman, 1991; Peterson, Rothfleisch, Zelazo, &
Pihl, 1990; Schreckenberger et al., 2004). Furthermore, fMRI
studieshaveobservedalcohol-inducedreductions inPFCactivity
during inhibitory control tasks (Anderson et al., 2011; Gan et al.,
2014; Kareken et al., 2010). In turn, these executive functioning
deficits are thought to increase the risk for reactiveaggressionand
other impulsive behaviors (Giancola, 2000).

One recent fMRI study compared neural responses to prov-
ocation in alcohol-dependent men to neural responses in con-
trol participants (Kose et al., 2015). Specifically, participants
played an aggression paradigm in which participants were
provoked by having money stolen from them (Cherek,
1981). When provoked, compared to control participants,
alcohol-dependent participants showed reduced responses in
the PFC, thalamus, and hippocampus. The relationship be-
tween neural responses to provocation and aggressive behav-
ior was not moderated by participant group. However, when
both groups were analyzed together, the authors found nega-
tive relationships between aggression and BOLD responses in
the PFC (including the orbitofrontal cortex), thalamus, middle
temporal gyrus, and caudate. These findings point to the no-
tion that the PFC, limbic system, and reward processing re-
gions are critically involved in alcohol-induced aggression.
However, we know almost nothing about alcohol-related
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brain activity during acts of aggression. Placebo-controlled
neuroimaging experiments that manipulate alcohol intoxica-
tion and measure brain activity during aggressive behavior are
needed to test the hypothesis that disruption in the PFC influ-
ences alcohol-related aggression.

To our knowledge, there has been only one placebo-controlled
neuroimaging study of alcohol and aggression to date (Gan et al.,
2015). In thatnotableexperiment,35healthyyoungmenandwom-
en completed the Taylor Aggression Paradigm in the scanner
once while intoxicated and once after consuming a pla-
cebo. Alcohol decreased BOLD responses in the right
PFC (i.e., middle frontal and inferior frontal gyri), hip-
pocampus, thalamus, caudate, and putamen. Moreover,
activity in the amygdala and ventral striatum was not
affected by alcohol but was positively correlated with
alcohol-induced aggression against the provoking oppo-
nent. However, their study differed from the present
research in that they examined BOLD responses when par-
ticipants found out they were going to play against a provok-
ing or nonprovoking participant. Thus, they examined antici-
patory neural responses, whereas our experiment examined
neural activity during aggressive decision-making and
behavior.

The present study

To further identify the neural mechanisms responsible for intox-
icated aggression, 50 healthy young men consumed ei-
ther alcohol or placebo. They then completed the Taylor
Aggression Paradigm during scanning, ostensibly against
two opponents. We examined brain activation when par-
ticipants made the decision to aggress and acted on that
decision (Krämer et al., 2007). We considered two dis-
tinct possible outcomes. First, alcohol could globally
reduce PFC, limbic, and reward activation, which could
then correlate with aggressive behavior. Second, alcohol
may moderate the relationship between PFC or subcortical
activity and aggressive behavior. That is, these regions may
support different behaviors (i.e., peace vs. aggression) de-
pending on whether participants are sober or intoxicated.

Method

Participants and design

Participants were recruited via an advertisement on a job-
search website or local community entertainment newspaper
that offered payment of AUD$75 in exchange for research
participation. There was no mention of alcohol in the adver-
tisements in order to avoid recruiting a biased sample. During
an initial phone screening, those who reported poor physical

or mental health, medication that contraindicated alcohol, pre-
vious adverse reactions to alcohol, or did not drink 3 or more
times per month were excluded. Participants who scored ˃151

on the Alcohol Use Disorders Identification Test (AUDIT)
were excluded. Remaining eligible participants were in-
vited to attend an in-person interview that included the
administration of the Mini-International Neuropsychological
Inventory (MINI) to screen for participants who had
suffered, or were currently suffering, from an Axis I
disorder. Participants were asked to abstain from eating,
consuming caffeine, or exercising 2 hours prior to the
experiment and drinking alcohol 24 hours prior to the
experiment. Further exclusion criteria included endo-
crine, metabolic or immune disorders, and cancer,
smoking, and regular recreational drug use. We set these ex-
clusion criteria because we also assessed salivary hormones,
which were not analyzed. All scanning took place in the af-
ternoon to early evening.

The 60 participants identified as eligible were then invited
to continue their participation. Sample size was set at 60 due to
limited funding. Participants were informed they might be
asked to drink an alcoholic beverage and were randomly
assigned to either the alcohol or placebo condition. Data from
10 participants were excluded from analysis: six for technical
errors during the scanning session, one for excessive move-
ment that could not be motion corrected, one due to an abnor-
mal structural scan determined by a radiologist, and two who
did not believe they were playing with real participants.
Therefore, the final sample consisted of 50 participants
(Mage = 23.00 years, SD = 3.28, range: 18–30 years) who were
predominantly Caucasian (68%) or Asian (20%). There were
23 participants in the alcohol condition and 27 in the placebo
condition.

Materials and procedure

During an initial session in our laboratory, participants were
screened for right-handedness and MRI safety and completed
the Aggression Questionnaire (Buss & Perry, 1992) as well as
other questionnaires we did not analyze. The Aggression
Questionnaire consists of four subscales: Anger, Hostility,
Verbal Aggression, and Physical Aggression (1 = extremely
uncharacteristic of me to 5 = extremely characteristic of me).
The Physical Aggression subscale was the only subscale sig-
nificantly correlated with aggressive behavior during the scan-
ning task, r(48) = .28, p = .045. There were no group differ-
ences in any of the subscales, F< 1 (see Table 1). At the
completion of these measures, participants weight and body
fat percentage were measured using an electronic scale in
order to establish the amount of alcohol (or placebo) to be

1 One participant with an AUDIT score of 18 was erroneously admitted to the
study.
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administered in the scanning session based on lean body fat
percentage.

Alcohol manipulation During the second session, which took
place at Neuroscience Research Australia, participants took
part in a practice round of the aggression task. The practice
was performed prior to drink consumption.We also obtained a
baseline breath alcohol concentration (BrAC) with a calibrat-
ed Alcolizer LE (Alcolizer Technology, Australia), which is
used by police in New South Wales, Australia. Participants
consumed two alcoholic beverages (the calculated amount
from Session 1 was divided equally between the two drinks)
or placebo beverages, depending on their allocated condition.
We administered 0.72 grams of alcohol per kilogram of lean
body mass (i.e., 2.42 ml of 37.5% alcohol by volume [ABV]
vodka per kilogram of lean body mass). This formula was
used in prior research to achieve our target BrAC level of
.05%, which is the point at which it is illegal to drive in
Australia (Schofield, Unkelbach, & Denson, 2017). The alco-
holic beverage was made up of 37.5% ABV vodka, sugar-free
lemonade, and diet tonic water (1:1:2). Drinks were mixed in
front of the participants. The placebo condition was identical,
except that the alcohol was substituted with additional
decarbonated tonic water poured from a vodka bottle. A small
amount of vodka was also discretely smeared on the rim of the
plastic cup to provide an odor of alcohol and further convince
the participant. Thus, all participants were led to believe they
were consuming alcohol and were not told which condition
they were in.

PrescanmeasuresAs amanipulation check, an additional item
assessed subjective intoxication (i.e., intoxicated) on an 11-
point scale (0 = not at all, 10 = very much). Upon the com-
pletion of the task practice and after finishing the beverages,
participants were escorted to the MRI reception. The second
BrAC measurement was then recorded. Participants rinsed
their mouth with water before this measurement was taken
to avoid inflated readings.

Aggression task Participants were told that they would be
competing in a competitive reaction-time task, with auditory
distractions with two other male participants, while in the
scanner. They were also told that they would be the only one
in the scanner and the other participants were completing the
task at the neighboring University of New South Wales
(UNSW). In reality, the participant was competing against
two computer opponents (Opponent 1 and Opponent 2). The
task was a modified version of the TAP adapted from Krämer
et al. (2007), which allows participants to send a retaliatory
noise blasts to their opponent. The task has been widely used
in nearly 50 years of laboratory experiments and more recent-
ly in fMRI research (Chester & DeWall, 2016; Dambacher
et al., 2015a; Gan et al., 2015; Krämer et al., 2011).

The task was two runs of 20 trials each (10 trials against
Opponent 1 and 10 against Opponent 2 per run; see Fig. 1).
Participants were asked to press a button on the button box as
fast as possible when a colored square appeared on-screen.
The task also required participants to make a selection
of one of four noise intensities at the beginning of each
trial (1 being the lowest intensity and 4 the highest) to
be delivered to their opponent for that trial if the par-
ticipant won. Likewise, the participant would hear the noise
blast selected by the opponent if the participant lost. Wins and
losses were randomized across trials, but if participants did not
respond within the 9,000-ms window, they automatically lost.
Opponent 1 was the low provocation opponent (i.e., selected
noise blast intensities of 1 and 2) and Opponent 2 was the high
provocation opponent (i.e., selected noise blast intensities of 3
and 4). To make sure participants understood the intent of the
opponent, the opponent’s selection was revealed to the partic-
ipant regardless of who won the trial. Aggressive behavior
was operationalized by the mean noise intensity selection
across the 20 trials for each opponent. Reliability was good
for the low provocation (α = .94) and high provocation oppo-
nents (α = .91). There was no option to select the duration of
the blast. Mean intensity was a priori coding method, and no
alternate methods were considered. We calculated separate

Table 1 Participant characteristics as a function of experimental condition

Alcohol condition (n = 23) Placebo condition (n = 27)

M SD M SD

Age (years) 22.57 3.23 23.37 3.33

AUDIT 8.57 2.98 8.41 3.73

Aggression Questionnaire total score 2.36 0.43 2.33 0.60

Physical Aggression subscale 2.40 0.58 2.29 0.68

Verbal Aggression subscale 2.71 0.81 2.62 0.90

Anger subscale 2.25 0.59 2.30 0.79

Hostility subscale 2.35 0.70 2.34 0.79

Note. AUDIT = Alcohol Use Disorders Identification Test. There were no group differences on any of the variables, Fs < 1, ps > .39
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aggression scores designated for the low provocation and high
provocation opponents. Because aggression occurs during the
decision phase, we focused exclusively on this phase of the
experiment (as in Chester & DeWall, 2016; Dambacher et al.,
2015b; Emmerling et al., 2016). Each run was 1,020 seconds
long (i.e., 17 minutes).

Manipulation checks and debrief Immediately after the scan,
participants completed a third BrAC. Participants then
completed items to assess perceptions of each opponent
(five items; e.g., who was meaner, prefer to meet, nicer,
get along better with, friendlier?) and whether they
thought they had consumed any alcohol (two items; e.g.,
how many standard drinks do you think you consumed?).
Finally, participants were probed for suspicion, thanked,
debriefed, and compensated. Participants were not permitted
to leave the session until their BrAC was below 0.05 and were
compensated for their time if the session was extended. All
participants were also supplied with a prepaid public transport
ticket home.

Image acquisition

Participants viewed the tasks through mirrors, which were
presented on a high-resolution monitor placed at the end of a
Philips Achieva X-Series 3-Tesla whole-body scanner with a
32-channel head coil and parallel imaging system. Padded
foam head constraints controlled movement. We acquired a
T1 anatomical 3-D structural data set (180 slices, FOV = 256
mm, voxel size = 1 × 1 × 1 mm). For functional imaging, a
whole-brain EPI pulse sequence with sagittal slices and 2.5
SENSE acceleration was employed (59 slices, slice thickness
= 3 mm, voxel size = 2.26 × 2.26 × 2.80 mm, FOV = 253 mm,
TE = 50 ms, TR = 3,000 ms, 90° flip angle). The first four
volumes were discarded.

Preprocessing

The sagittal EPI slices imaged substantial amounts of
nonbrain tissue that could interfere with motion correction.
Accordingly as a first step, BET from the FSL package
(Smith et al., 2004) was used to remove all nonbrain compo-
nents in the EPI images. After this step, the data were imported
to BrainVoyager QX with which all subsequent preprocessing
was performed. Functional images were slice scan time
corrected, 3-D motion corrected, and spatially smoothed with
a 4.52-mm Gaussian filter. Functional images were subse-
quently manually linearly coregistered with the structural im-
ages and normalized via Talairach transformation (Talairach
& Tournoux, 1988). For the functional scans, we modeled all
phases at the first level, adjusted for the hemodynamic re-
sponse function. All phases except the decision phase were
modeled as variables of no interest. Thus, BOLD during the
decision phase was observed relative to all other phases.

Regions-of-interest (ROI) definitions

We investigated six ROIs: PFC, hippocampus, thalamus, cau-
date, ventral striatum, and amygdala (see Fig. 2). Because
theories of alcohol-induced aggression posit alterations in
PFC activity (Heinz et al., 2011), we created one ROI for the
PFC, which subsumed the medial PFC, lateral PFC, and an-
terior cingulate. The PFC midline extended ±10 mm.
Similarly, because the amygdala and ventral striatum correlat-
ed with aggressive behavior in prior research on alcohol-
related aggression (Gan et al., 2015), we included these two
ROIs as well. Finally, we included the hippocampus, thala-
mus, and caudate because they are activated in fMRI studies
of aggression (Achterberg et al., 2016; Beyer et al., 2014;
Chester & DeWall, 2016; Emmerling et al., 2016; Krämer
et al., 2007; Lotze et al., 2007). For the amygdala,

Fig. 1 Aggression paradigm for the scanner. We examined brain activation during the decision phase because this phase recorded BOLD responses
during acts of aggression
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hippocampus, caudate, and thalamus, we used the ROIs in-
cluded in the BrainVoyager QX software. For the ven-
tral striatum, we created a 10-mm cube centered at x =
±16, y = 5, z = −5 as determined by the Brede Toolbox
web application (http://neuro.imm.dtu.dk/services/
brededatabase/WOROI_135.html). The PFC ROI was
defined anatomically on an a priori basis in Talairach space
on an average of all 50 participants’ Talairach-transformed
structural images.

Statistical analyses

Data were analyzed with BrainVoyager QX, SPSS v23, and R
(R Core Team, 2016). We first used ANOVAs to test the effi-
cacy of the alcohol manipulation on BrAC and subjective
intoxication. For BOLD responses, we conducted random ef-
fects GLM analyses. Our analytic strategy utilized three ran-
dom effects contrasts: (1) alcohol main effect (alcohol group >
placebo group); (2) provocation main effect (high provocation
opponent > low provocation opponent); and (3) the Alcohol ×
Provocation interaction. We conducted six sets of analyses,
one for each ROI mask. We used an AR(2) correction for
serial correlations. The ROI analyses used the false discovery
rate correction, q(FDR) < .05.

We next examined the neural correlates of aggressive be-
havior. We conducted an image-based correlation analysis in
BrainVoyager QX, in which noise-blast intensity averaged
across all trials and both opponents was used to predict acti-
vation within each of the masks. For the PFC mask, we cre-
ated a second mask of all of the activated clusters greater than
100 voxels. We conducted separate analyses for the alcohol
and placebo group and then tested for significant differences
by subtracting the placebo group correlation map from the

alcohol group’s map. Type I error was controlled at q(FDR)
< .05. In the presences of significant group differences, to
obtain estimates for testing the Alcohol × BOLD interactions
and visualizing the correlations between BOLD and aggres-
sive behavior in R, we exported the average beta estimates for
the decision phase for each participant. We used these beta
estimates as predictors in an ordinary least squares regression
analysis.

Results

Manipulation checks and mood

All participants had a BrAC of .000 at baseline. Prior to en-
tering the scanner, participants in the alcohol condition had a
mean BrAC of .048 (SD = .018) and at the end of the exper-
iment had a mean BrAC of .044 (SD = 0.15). This change in
BrAC was not significant, t(21) = 1.34, p = .19. A 2
(condition) × 3 (time) mixed ANOVA on subjective feelings
of intoxication revealed a significant Condition × Time inter-
action, F(2, 96) = 15.52, p = .007, ηp

2 = .099. At baseline,
participants in both the alcohol and placebo conditions report-
ed equivalently low levels of intoxication, F < 1. Prior to
entering the scanner and at the end of the study, participants
in the alcohol condition reported feeling more intoxicated than
participants in the placebo condition,F(1, 48) = 8.30, p = .006,
ηp

2 = .147, and F(1, 48) = 6.18, p = .016, ηp
2 = .114, respec-

tively. However, more importantly, both groups reported large
increases in subjective intoxication from baseline: alcohol
condition, F(1, 22) = 188.14, p < .0001, ηp

2 = .895; placebo
condition, F(1, 26) = 64.84, p < .0001, ηp

2 = .714 (see Fig. 3).
Participants in the alcohol condition thought they consumed

Fig. 2 A priori regions of interest masks. a Caudate (orange), ventral striatum (purple), amygdala (bright green). b Hippocampus (faded green). c
Prefrontal cortex (yellow); caudate (orange), thalamus (blue). (Color figure online)
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3.65 standard drinks on average (SD = 1.07), whereas partic-
ipants in the placebo condition thought they consumed
2.86 standard drinks (SD = 1.37). Although this differ-
ence was significant, F(1, 46) = 4.94, p = .031, ηp

2 = .097,
participants in both groups reported consuming significantly
more standard drinks than zero, talcohol(22) = 16.36, p < .0001;
tplacebo(24) = 10.47, p < .0001. Together, these data suggest
effective alcohol and placebo procedures.

Exact binomial tests revealed that the majority of partici-
pants reported that the low provocation opponent was friend-
lier (70%, p = .007) and nicer (68%, p = .015) than the high
provocation opponent. Conversely, the high provocation op-
ponent was rated as meaner (68%, p = .015) than the low
provocation opponent. There were no differences in percep-
tions of whether the opponents were easier to get along with
(58%, p = .32) and whether participants would prefer to meet
them (60%, p = .20). Overall, these data suggest that partici-
pants were sensitive to the degree of provocation from each
opponent. None of these judgments varied as a function of
beverage condition.

Aggressive behavior

We conducted a 2 (condition: alcohol vs. placebo) × 2 (prov-
ocation: high vs. low) linear mixed-effects model on aggres-
sive behavior (see Fig. 4). We specified participant as a ran-
dom factor and condition and opponent as fixed factors. This
analysis revealed a main effect of opponent such that partici-
pants were more aggressive toward the high provocation op-
ponent (M = 2.64, SD = 0.76) than the low provocation oppo-
nent (M = 2.39, SD = 0.89), t(1876) = 3.52, p = .0004. The
Condition × Provocation interaction approached significance,
t(1876) = −1.82, p = .068, but none of the post hoc compari-
sons showed significant effects of alcohol as a function of
provocation.

Aggression-related BOLD responses

Table 2 and Fig. 5 summarize the random effects GLM con-
trasts for each of the six ROIs controlling for multiple com-
parisons, q(FDR) < .05. There were several main effects of
condition. Within the PFC mask, the main effect of alcohol

revealed six significant clusters. These regions included the
left middle and left inferior frontal gyri as well as the bilateral
medial frontal gyrus. In all six PFC clusters, participants in the
alcohol group showed reduced activation relative to partici-
pants in the placebo group. There was also a main effect of
condition within the caudate and ventral striatum masks.
BOLD responses in the caudate were lower in the alcohol
group than in the placebo group. In contrast to the deactiva-
tions in the PFC, caudate, and ventral striatum, participants in
the alcohol group showed greater bilateral activation in the
hippocampus than participants in the placebo group. There
were no other alcohol main effects for the remaining ROI
masks and no main effects of provocation or Alcohol ×
Provocation interactions for any of the ROIs. In sum, BOLD
responses were lowered by alcohol in the PFC, caudate, and
ventral striatum yet heightened in the hippocampus. For un-
corrected analyses and for correlations between BrAC and

Fig. 3 Means (±1 SEM) of breath alcohol concentration (BrAC) and subjective intoxication as a function of time and condition. Participants in the
placebo condition had BrAC levels of 0.000 throughout the experiment

Fig. 4 Means of behavioral aggression (±1 SEM) as a function of
condition and high versus low provocation opponent. Data are shown
across all trials

Cogn Affect Behav Neurosci (2018) 18:203–215 209



BOLDwithin the alcohol group, please see the supplementary
materials.

The relationships between aggression-related BOLD
responses and aggressive behavior

Aggressive behavior correlated with BOLD responses in the
prefrontal cortex. The top portion of Fig. 6 displays the pre-
frontal clusters that were correlated with aggressive behavior
in the scanner. Aggressive behavior was significantly positive-
ly correlated with BOLD during the decision phase but only in
the medial and dorsolateral PFC among participants who con-
sumed alcohol. A complementary multiple regression analysis
of moderation (Aiken, West, & Reno, 1991), with the
exported beta estimates from the prefrontal cortex, confirmed
a significant Condition × PFC interaction, β = −0.69, t(46) =
−2.57, p = .013, model R2 = .16, F(3, 46) = 2.85, p = .048. As
shown in the scatterplot (see Fig. 6), BOLD responses were
positively correlated with aggressive behavior among intoxi-
cated participants, β = 0.69, t(21) = 4.40, p = .0003, R2 = .48,
F(1, 21) = 19.32, p = .0003, but not among sober participants,
β = −0.06, t(25) = −0.31 p = .76, R2 = .004, F(1, 25) = 0.10, p
= .76. There were no correlations between aggressive behav-
ior and BOLD responses within any of the remaining ROI
masks, q(FDR) < .05.

Discussion

Although most theories of alcohol-related aggression im-
plicate altered functioning in the PFC, substantial neuroimag-
ing evidence is lacking. The present research tested this

assumption, and the data supported the notion that altered
PFC function contributes to intoxicated aggression. Relative
to sober participants, we found decreases in PFC activation
among intoxicated participants. This finding supports models
of alcohol-related aggression that implicate PFC dysregula-
tion. Furthermore, we found that BOLD responses in the
dorsomedial and dorsolateral PFC positively correlated with
aggressive behavior, but only among intoxicated participants.
These findings suggest that when intoxicated, the PFC be-
comes dysregulated relative to sobriety, but that the activity
that is present may facilitate intoxicated aggression.

In addition to PFC dysfunction, neurobiologically in-
formed models of intoxicated aggression posit a role for al-
tered functioning among subcortical limbic and reward struc-
tures (Heinz et al., 2011). Gan et al. (2015) found that alcohol
lowered medial PFC and dorsal anterior cingulate activation
among intoxicated participants. Our study replicated these
findings. Gan et al. (2015) also found that activation in the
ventral striatum and amygdala positively predicted intoxicated
aggression. We did not find those relationships in our data, but
we did find alcohol-induced reductions in the ventral striatum
and caudate.2 Differences in study design may explain our
null results. Gan et al. analyzed BOLD signals when partici-
pants learned they would play the high or low provocation

Table 2 Significant results for each ROI during the decision phase from the Alcohol > Placebo and Placebo > Alcohol group contrasts

Cluster within each ROI mask Hemisphere Voxels x y z t value p value

Placebo > Alcohol

Middle frontal gyrus (BA 46) Left 1,983 −42 35 16 −4.72 0.000003

Superior frontal gyrus (BA 10) Left 199 −21 47 16 −4.13 0.000044

Medial frontal gyrus (BA 9) Left 721 −3 41 28 −4.20 0.000033

Anterior cingulate (BA 32) Left 263 −3 20 34 −3.86 0.000130

Anterior cingulate (BA 32) Right 501 3 23 31 −4.40 0.000014

Medial frontal gyrus (BA 9) Right 111 21 41 25 −3.56 0.000412

Middle frontal gyrus (BA 10) Right 216 24 50 19 −3.96 0.000088

Middle frontal gyrus (BA 10) Right 384 33 44 19 −4.19 0.000034

Caudate Left 572 −15 11 10 −5.33 <0.000001

Ventral striatum Left 165 −15 3 −5 −3.14 0.001810

Alcohol > Placebo

Hippocampus Left 440 −30 −28 −11 4.29 0.000023

Hippocampus/parahippocampal gyrus Right 1,577 12 37 8 4.58 0.000006

Note. Familywise error was corrected with q(FDR) < .05. There were no effects of provocation level or interaction. Coordinates are voxels of peak
activation

2 Because other fMRI studies have found correlations between striatum acti-
vation and aggressive behavior, we also conducted a post hoc correlation
analysis between the ventral striatum cluster that was activated by the alcohol
manipulation and aggressive behavior on the TAP. In the whole sample, this
analysis showed a significant positive correlation between a small cluster in the
left striatum and aggressive behavior, r(48) = .31, p = .030, q(FDR) < .05, peak
activation x = −19, y = 2, z = −2, five contiguous voxels. The correlations were
in the same positive direction but not individually significant in the placebo
condition, r(25) = .34, p = .08, or alcohol condition, r(21) = .34, p = .11.
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opponent. We examined BOLD responses during decision-
making and aggressive behavior. Similarly, we did not find
evidence that high versus low provocation modulated BOLD
responses. Because we analyzed the decision phase, partici-
pants may have already decided what level to select during the
anticipation phase.

In addition to decreased activity in the caudate and ventral
striatum among intoxicated participants, we also found greater
hippocampal activity in intoxicated participants relative to so-
ber participants. Regardless, our results are largely consistent

with a growing body of research on the neural correlates of
aggression that implicate altered functioning in the PFC, the
limbic system, and reward-related regions (Achterberg et al.,
2016; Beyer et al., 2014; Chester &DeWall, 2016; Emmerling
et al., 2016; Krämer et al., 2007; Lotze et al., 2007), and more
recently, alcohol-related aggression (Gan et al., 2015; Kose
et al., 2015).

The present results are consistent with several psychologi-
cal theories of alcohol-related aggression. The attention-
allocation model suggests that alcohol limits the amount of

Prefrontal cortex

Caudate

Hippocampus

x = -40 x = -3 y = 34

y = 11
x = -15

z = 10

z = -19y = -16x = 22

y = 2
x = -15

z = -5

Alcohol Placebo

-0.6

-0.4

-0.2

0.0

0.2

B
O
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Ventral striatum

Fig. 5 Main effect of alcohol on aggression-related neural activity.
Compared to the placebo group, participants who consumed alcohol
showed less activity in the prefrontal cortex, caudate, and ventral striatum,

but increased activity in the hippocampus, q(FDR) < .05. Values on bar
charts are means. Error bars are ±1 SEM. (Color figure online)
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information that can be processed in working memory
(Giancola, Josephs, Parrott, & Duke, 2010). Aggression is
thought to occur because alcohol focuses attention on
instigatory cues (such as the noise blasts) and away from in-
hibitory cues (norms proscribing aggression). When sober,
people are able to process both types of cues (e.g., Denson

et al., 2008). A meta-analysis reported that the dorsolateral
PFC is activated when managing content in working memory
(Owen, McMillan, Laird, & Bullmore, 2005). Thus, the
alcohol-induced reduction in dorsolateral PFC activity may
have made it more difficult for intoxicated than for sober par-
ticipants to manage both instigatory and inhibitory cues in

Fig. 6 Correlations between BOLD signal during the decision phase and
aggressive behavior in the scanner. Medial and dorsolateral PFC activity
positively correlated with aggressive behavior, but only for participants
who consumed alcohol. The two panels on the left show significant
correlations in the alcohol group, whereas the middle panels show no

correlations between PFC activity and aggressive behavior in the placebo
group. The right two panels display the differences in correlation strength by
subtracting the placebo group’s correlation map from the alcohol group’s
correlationmap. Familywise error rate (FWE)was controlledwith q(FDR) <
.05. Shaded regions represent 95% CIs. (Color figure online)
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working memory. It is also possible that the dorsolateral PFC
in intoxicated participants may only process instigatory cues.
Similarly, although the hippocampus is generally not associ-
ated with workingmemory (Owen et al., 2005), perhaps great-
er difficulty incorporating cues into episodic memory was the
cause of heightened hippocampal activation that we observed
among intoxicated participants (Henke, Buck, Weber, &
Wieser, 1997).

Complementing the attention-allocation model, hostile at-
tribution theory suggests that alcohol-related aggression oc-
curs because alcohol makes relatively innocuous and ambig-
uous cues more likely to be interpreted as provocative
(Bartholow & Heinz, 2006; Subra, Muller, Bègue, Bushman,
&Delmas, 2010). Thus, the positive relationships between the
dorsomedial and dorsolateral PFC activity and aggressive be-
havior in intoxicated participants may be due to biased pro-
cessing toward hostile cues. Indeed, the dorsomedial PFC is
associated with angry rumination and mentalizing about prov-
ocations (Denson, Pedersen, Ronquillo, & Nandy, 2009;
Lotze et al., 2007). We found substantial overlap in the medial
PFC between this study and our previous study of angry ru-
mination (Denson et al., 2009).

Because the dorsomedial PFC is broadly associated with
introspective processes in sober participants, the reduction in
dorsomedial PFC activity in intoxicated participants may re-
flect reduced self-awareness. According to one major theory
of alcohol-related aggression, self-awareness is thought to re-
main intact and inhibit aggression when sober but become
impaired in intoxicated people (Ito et al., 1996). This loss of
self-awareness when intoxicated is thought to facilitate ag-
gression because people lose track of their personal and nor-
mative standards. Indeed, meta-analytic work shows that in-
creasing self-awareness can reduce aggression in participants
who consumed low doses of alcohol (Ito et al., 1996). Future
research could test the hypothesis that dorsomedial PFC acti-
vation in intoxicated participants reflects vengeful rumination
and lower self-awareness, whereas dorsomedial PFC activa-
tion is sober participants may reflect intact self-awareness.
Thus, our findings are consistent with four major theories of
alcohol-related aggression: the PFC dysfunction model, the
attention-allocation model, hostile attribution bias theory,
and self-awareness theory. However, one aspect of our data
that these theories do not explain is why, despite a mean-level
alcohol-induced reduction in PFC activity, we still observed a
positive correlation between PFC activity and aggressive be-
havior in the alcohol group. Provided future research repli-
cates these findings, researchers may wish to incorporate these
and other neuroimaging findings into theories of alcohol-
related violence.

Another perspective is that our results are consistent with a
growing body of evidence showing that the PFC not only
Bputs the brakes^ on aggressive behavior (Raine, 2008) but
also that the PFC can facilitate aggression (as it did for

intoxicated participants). Like other forms of goal-directed
behavior, the PFC is responsible for integrating and enacting
this behavior. For instance, a recent study found that disrup-
tion to the dorsolateral PFC with repetitive transcranial mag-
netic stimulation reduced punishment for criminal acts
(Buckholtz et al., 2015). Moreover, this reduced punishment
was because disruption to the dorsolateral PFC kept partici-
pants from integrating culpability and harm judgments. Thus,
the dorsolateral PFC is necessary for enacting some forms of
aggression but also for inhibiting aggression. Our findings
suggest that there is probably no simple mediating effect of
reduced PFC activity on the relationship between alcohol and
aggression. Rather, PFC activation in intoxicated and sober
participants likely facilitates aggression via discriminant psy-
chological processes.

Limitations

The present research was limited in some aspects. Our sample
is probably qualitatively different from many perpetrators of
severe alcohol-related violence. The sample consisted of
young male social drinkers without significant histories of
violence. Much alcohol-related violence is disproportionately
perpetrated by men with alcohol-use disorders and men with
violent traits such as antisocial personality disorder. Thus, our
sample is unlikely to be at high risk of alcohol-related vio-
lence. Nonetheless, future neuroimaging research could exam-
ine the neural correlates of alcohol-related aggression in wom-
en and men predisposed toward alcohol-related violence.
Indeed, in prior studies using the TAP, men and women both
demonstrated intoxicated aggression (Duke et al., 2011; Gan
et al., 2015). Until further research is conducted, our results
may not generalize to heavy drinkers, women, and those with
strong impelling factors, such as antisocial personality disor-
der. However, because neuroimaging research on alcohol-
related violence is in its infancy, we chose to begin with a
sample of healthy men to control extraneous variance and help
form the basis for future work with clinical samples.

We used a mixed design, with condition as a between-
subjects factor rather than a completely within-subjects de-
sign. Both designs are informative yet limited in some re-
spects. For a minority of people, believing that they have
consumed alcohol increases aggression. This concern is more
likely to be eliminated in within-subjects designs. In the pres-
ent research, participants in the placebo condition thought
they consumed 2.86 standard drinks on average compared to
3.65 standard drinks for participants in the alcohol group.
Thus, aggressive expectancies around perceived alcohol con-
sumption combined with a relatively low dose of alcohol may
explain why there were no significant differences in aggres-
sion between groups. Nonetheless, the effect of alcohol on
aggression was in the expected direction and comparable in
size (d = 0.20) to placebo-controlled alcohol-aggression
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experiments that utilized relatively low doses of alcohol such
as ours (Malcohol = 2.61, SD = 0.66;Mplacebo = 2.44, SD = 0.95;
see the meta-analysis by Ito et al., 1996). Moreover, the sam-
ple size was modest. Extension to larger samples and violent
offenders using multiple doses of alcohol will facilitate under-
standing of the devastating and costly social phenomenon of
alcohol-related violence. Future work could examine addi-
tional design features, such as no-drink or mixed energy drink
conditions. We also did not use arterial spin labeling MRI to
assess how alcohol might have influenced cerebral perfusion
and BOLD responses during the TAP (e.g., Gan et al., 2015;
Marxen et al., 2014). Finally, some recent research has extend-
ed the TAP response options from 4 to 8, which may provide
more sensitivity (Beyer et al., 2014; Gan et al., 2015).

Conclusion

Even at a low dose of alcohol, we observed a significant rela-
tionship between dorsomedial and dorsolateral PFC activity
and alcohol-related aggression. These findings corroborate the
predictions of many of the major theories of intoxicated ag-
gression. We encourage future, larger-scale investigations into
the neural underpinnings of alcohol-related aggression with
stronger doses and clinical samples. Doing so could eventual-
ly substantially reduce alcohol-related harm.
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