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Objective: Youths with disruptive behavior disorders (DBD)
(conduct disorder and oppositional defiant disorder) have
an elevated risk for maladaptive reactive aggression. Theory
suggests that this is due to an elevated sensitivity of ba-
sic threat circuitry implicated in retaliation (amygdala/
periaqueductal gray) in youths with DBD and low levels
of callous-unemotional traits and dysfunctional regulatory
activity in the ventromedial prefrontal cortex in youthswith
DBD irrespective of callous-unemotional traits.

Method: A total of 56 youths 10–18 years of age (23 of them
female) participated in the study: 30 youths with DBD, divided
bymedian split into groupswithhigh and low levels of callous-
unemotional traits, and 26 healthy youths. All participants
completed an ultimatum game task during functional MRI.

Results: Relative to the other groups, youths with DBD and
low levels of callous-unemotional traits showed greater
increases in activation of basic threat circuitry when pun-
ishing others and dysfunctional down-regulation of the
ventromedial prefrontal cortex during retaliation. Relative

to healthy youths, all youths with DBD showed reduced
amygdala-ventromedial prefrontal cortex connectivity dur-
ing high provocation. Ventromedial prefrontal cortex re-
sponsiveness and ventromedial prefrontal cortex-amygdala
connectivity were related to patients’ retaliatory propensity
(behavioral responses during the task) and parent-reported
reactive aggression.

Conclusions: These data suggest differences in the under-
lying neurobiology of maladaptive reactive aggression in
youths with DBD who have relatively low levels of callous-
unemotional traits. Youths with DBD and low callous-
unemotional traits alone showed significantly greater
threat responses during retaliation relative to comparison
subjects. These data also suggest that ventromedial pre-
frontal cortex-amygdala connectivity is critical for regulat-
ing retaliation/reactive aggression and, when dysfunctional,
contributes to reactive aggression, independent of level of
callous-unemotional traits.
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The term “reactive aggression” has been used to describe
retaliatory actions in response to perceived threat, frustra-
tion, or provocation (1). Youths with disruptive behavior
disorders (DBD), such as conduct disorder and oppositional
defiant disorder, commonly display maladaptively higher
levels of reactive aggression than youths without psycho-
pathology (2, 3). Suchhigh levels of aggression typically occur
in the context of other formsof antisocial behavior (4), aswell
asdecision-makingdeficits (5). In this study,weexaminedthe
neural correlates of retaliatory actions in healthy youths and
youths with DBD.

Previous research has examined such neural correlates
based on response to social provocation in variants of the
ultimatum game (6). In one variant, a computer-simulated
partner proposes to divide resources with participants.
Participants accept or reject the division. Participants are

more likely to reject an unfair offer if the partner could have
offered a fair allocation, but the magnitude of this effect is
reduced in incarcerated individuals (7, 8). Another ultimatum
game variant involves participants choosing whether to
“punish” the partner by spending money to remove the part-
ner’s money. Such behaviors expressed in this variant serve
to model retaliatory behavior in participants. Notably, in-
creasing levels of retaliatory behavior are associated with
increased activity in regions implicated in reactive aggression
in animal studies (amygdala, periaqueductal gray) (9–12). Fur-
thermore, neuroimaging studies implicate an inverse re-
lationship between ventromedial prefrontal cortex activation
and amygdala/periaqueductal gray response to basic threats
(13) and provocation (9, 11). The ventromedial prefrontal cor-
tex is thought to be critical for representing expected value
(i.e., the subjective reward value that an individual associates
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with an action or object following learning [14]). Decreased
ventromedial prefrontal cortex activationmay reflect the rep-
resentation of the diminishing expected value of increasing
levels of retaliation, as increasing retaliation leads to dimin-
ishing monetary gains in the ultimatum game (9, 11). In threat
induction paradigms, the increasing proximity of threat is
associated with a diminishing likelihood of escape (and an
increased likelihood of punishment); the value of future be-
havioral options diminishes as threat increases in proximity
(13).Wehave suggested (15) that the increased risk for reactive
aggression in patients with DBD reflects increased activity
in threat response regions and/or dysfunction in ventromedial
prefrontal cortex modulatory activity.

However, youths with DBD are heterogeneous. Some
showelevated levels of callous-unemotional traits (DBD/+CU)
(i.e., decreased guilt/empathy—referred to in DSM-5 as “with
limitedprosocial emotions”), while others do not (DBD/–CU).
Youths with DBD/+CU and DBD/–CU have distinct develop-
mental trajectories and neurobiology (15, 16). Both groups,
however, show elevated levels of reactive aggression (3). The
neurobiology of reactive aggressionmay be different for each
group.We have hypothesized that youthswithDBD/–CU show
increased risk for reactive aggression because of heightened
responsivenessofbasicthreatsystems(amygdala/periaqueductal
gray); the suggestion is that this increased responsiveness
increases the probability that a given level of provocation will
initiate fighting rather than flight or freezing (15). There is
evidence that youths with DBD/–CU show an increased amyg-
dala response to fearful expressions, whereas those with
DBD/+CU show a decreased amygdala response (17–19). Alter-
natively, there may be common neurobiological underpinnings
of reactive aggression, which we have hypothesized reflect
dysfunction in the modulatory role of the ventromedial pre-
frontal cortex in representing an action’s expected value (15).
Expected value representation is disrupted in patients with
DBD irrespective of level of callous-unemotional traits (5, 20).
In the context of an ultimatum game, we expect that youths
with DBD will fail to appropriately represent the diminishing
value of outcomes as retaliation increases, leading to an in-
creased propensity to retaliate. Here, we examine these pos-
sibilities through an investigation of retaliatory behavior and
its neural underpinnings in the context of an ultimatum game.

This study tested four predictions: First, retaliatory pro-
pensity, measured by mean levels of punishment during the
ultimatum game, would have a significantly greater associ-
ation with reactive than proactive aggression. Second, the
increase in amygdala/periaqueductal gray activity when
retaliating would be exaggerated in youths with DBD/–CU
relative to healthy youths, and the level of activity in these
regions would be positively associated with reactive aggres-
sion. Third, the typical decrease in ventromedial prefrontal
cortex activitywhenretaliatingand inventromedial prefrontal
cortex-amygdala functional connectivity would both be at-
tenuated in youths with DBD/–CU and DBD/+CU relative to
healthy youths. Fourth, the level of attenuation of modulated
response and the connectivity during high provocation/

retaliation in the ventromedial prefrontal cortex would be
negatively associated with retaliatory propensity.

METHOD

Participants
A total of 56 youths 10–18 years of age (mean=14.74 years,
SD=2.13), 23 of them female, participated: 30 youths with
DBD and 26 healthy youths. Consistent with previous work
(17), a median split on Inventory of Callous-Unemotional
Traits score (median=43.5) was utilized to form DBD/+CU
(mean=46.8, SD=3.57) and DBD/–CU (mean=33.9, SD=6.38)
groups. The groups did not differ significantly in age, IQ, or
gender composition (Table 1). Half of the youths with DBD
(N=15) were comorbid for attention deficit hyperactivity dis-
order (ADHD), and medications could not be withheld dur-
ing scanning for 23.3% (N=7) of the DBD group. Youths were
recruited from the community. After receiving a complete
descriptionof the study, childrenandparentsprovidedwritten
informed assent or consent. The NIH Institutional Review
Board approved the study. Inclusion and exclusion criteria are
listed in the supplemental methods section of the data sup-
plement that accompanies the online edition of this article.

Study Measures
InventoryofCallous-UnemotionalTraits.This24-itemparent-
report scale (21), designed to assess callous-unemotional traits
inyouths,wasderivedfromthecallous-unemotionalscaleof the
Antisocial Process Screening Device (22), which has been used
in various youth samples. The construct validity of the In-
ventory of Callous-Unemotional Traits has been supported in
community and juvenile justice samples (23, 24).

Reactive/Proactive Aggression Rating Scale. Parents com-
pleted this six-item measure (1). Dodge and Coie (1) found
that a three-item reactive aggression scale and a three-item
proactive aggression scale yielded thebest-fittingmodel.This
measure was found to be useful in distinguishing aggression
subtypes in children (1) and adolescents (25).

The social fairness game. Participants were presented with
a version of the ultimatum game, the social fairness game,
which has beendescribed elsewhere (11) (Figure 1; see also the
online data supplement). Participants are offered either a fair
($10 to participant; $10 to partner) or an unfair ($6/$4/$2 to
participant; $14/$16/$18 to partner) division of a $20 pot.
Participants could then either accept the offer or reject it and,
by spending $1, $2, or $3, punish the partner; eachpunishment
dollar spent by the participant caused the partner to lose $7
fromthe$20pot (Figure1).Retaliatorypropensitywasdefined
as the participant’s average punishment level.

MRI Parameters and Preprocessing
Participants were scanned using a 3-T GE scanner, and data
were analyzed using AFNI (26). Specific parameters have
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been reported elsewhere (11) and are also listed in the online
data supplement.

General Linear Model Analysis
The model involved six motion regressors and the fol-
lowing task regressors: indicator functions for the offer
phase, the decision phase, the outcome phase, the offer
phase multiplied by offer unfairness (scored as 0 [fair: $10
kept and $10 offered to partner], 8 [unfair: $14/$6], 12
[unfair: $16/$4], 16 [unfair: $18/$2]), and the decision phase
multiplied by the sample average punishment level at each
level of unfairness (average response to $10/$10, 1.176; to
$14/$6, 2.358; to $16/$4, 2.726; to $18/$2, 3.230). All re-
gressors were convolved with a canonical hemodynamic
response function from the onset of the offer, decision, and
outcome phases to account for the slow hemodynamic re-
sponse. In accordance with findings that normalization of
brain volumes from age 7–8 onward does not introduce ma-
jor age-related distortions in localization or time course of
the blood-oxygen-level-dependent (BOLD) signal in event-
related functional MRI (fMRI) (27, 28), the participants’
anatomical scanswere individually registered to the Talairach
and Tournoux atlas (29). Participants’ functional echo planar
image data were then registered to their Talairach ana-
tomical scans. Linear regression modeling was performed
using thefive regressors described earlier, plus regressors to

model a first-order baseline drift function. This produced
beta coefficients and associated t statistics for each voxel
and regressor.

fMRI Data Analysis
A three (diagnosis: DBD/+CU, DBD/–CU, healthy) by two
(task phase: offer phase, decision phase) repeated-measures
analysisof variance (ANOVA)wasconductedon themodulated
regression coefficients. The AFNI ClustSim programwas used
to establish a family-wise-error-corrected threshold (594-mm3

clusters at p=0.005, corrected to p=0.05) for a whole-brain
analysis. Because of their small size and/or theoretical im-
portance, small-volume corrections for multiple comparisons
were calculated for the amygdala, periaqueductal gray, and
ventromedial prefrontal cortex. The amygdala small-volume
correction, calculated using an anatomically defined mask
(Eickhoff-Zilles Architectonic Atlas: 50% probability) (30),
yielded a threshold of 162 mm3 at an initial significance
threshold of 0.02. As anatomically defined masks were not
available in AFNI, small-volume corrections for the peri-
aqueductal gray and ventromedial prefrontal cortex were
calculated using 10-mm spheres centered on the peak co-
ordinates from previous work (periaqueductal gray (x, y, z):
3,223,24; ventromedial prefrontal cortex:24, 36,25) (13)
and yielded a threshold of 248 mm3 at an initial signifi-
cance threshold of 0.02 for both regions. For these analyses,

TABLE 1. Demographic Characteristics and Performance Measures on the Social Fairness Game for Healthy Youths and Youths With
Disruptive Behavior Disorders (DBD)

Measure Healthy Youths (N=26) Youths With DBD (N=30)

Mean SD Mean SD t p

Age (years) 14.30 2.19 15.04 2.09 1.13 0.26
IQ 98.96 9.99 96.37 10.52 0.94 0.35
Reactive aggressiona 0.85 0.97 3.97 1.43 9.43 ,0.01
Proactive aggressiona 0.08 0.27 2.57 2.01 6.25 ,0.01

N % N % x2 p

Female 12 46.2 11 36.7 0.52 0.47
Medicated during
scanning

0 0.0 7 23.3 6.93 ,0.01

Attention deficit
hyperactivity disorder

0 0.0 15 50.0 17.76 ,0.01

Conduct disorder 0 0.0 22 73.3 9.29 ,0.01
Oppositional defiant
disorder

9 30.0 32.87 ,0.01

Mean SD Mean SD t p

Punishment dollars spent Punishment dollars spent
Offer unfairness level
$10/$10 0.17 0.27 0.19 0.35 0.30 0.77
$14/$6 1.17 0.71 1.56 0.78 1.98 0.05
$16/$4 1.63 0.70 1.86 0.66 1.25 0.22
$18/$2 2.18 0.62 2.25 0.70 0.36 0.72

Time to retaliation (ms) Time to retaliation (ms)
$10/$10 918.81 235.12 931.59 297.96 0.18 0.86
$14/$6 1121.67 289.50 1174.56 475.17 0.49 0.62
$16/$4 1179.67 293.67 1214.88 452.25 0.34 0.74
$18/$2 1019.54 333.67 1112.19 452.37 0.86 0.39

a Reactive and proactive aggression scores are from the Reactive/Proactive Aggression Rating Scale.

284 ajp.psychiatryonline.org Am J Psychiatry 173:3, March 2016

NEURAL CORRELATES OF RETALIATORY BEHAVIOR IN DISRUPTIVE BEHAVIOR DISORDERS

http://ajp.psychiatryonline.org


average percent signal change was measured across all voxels
within each region of interest generated from the functional
masks, and post hoc testing was conducted in SPSS (IBM,
Armonk, N.Y.).

Generalized psychophysiological interaction analyses (31)
were conducted to investigate differences in functional con-
nectivity associated with DBD during the ultimatum game.
As a parametric modulation strategy is incompatible with
functional connectivity analyses, functional connectivity was
compared using two three (diagnosis: DBD/+CU, DBD/–CU,
healthy) by two (provocation level: low [fair/accept], high
[unfair/punished]) by two (task phase: offer phase, decision
phase) repeated-measures ANOVAs. The anatomically de-
fined amygdala masks mentioned above were seed regions.
(See the online data supplement for details.)

RESULTS

Behavioral Results
The relationship between retaliatory propensity (average pun-
ishment on the ultimatum game) and reactive aggression was
significantly stronger than the relationship between retaliatory
propensity and proactive aggression (whole group: r=0.26
andr=0.04, respectively;Steiger’sZ=2.13,p=0.03;patientswith
DBD only: r=0.37 and r=20.13, respectively; Z=2.62, p,0.01).
Additionally, among youths with DBD, there was a signifi-
cantly stronger relationship between time to retaliation and

reactive aggression relative to proactive aggression (r=20.59
andr=20.25, respectively;Z=2.00,p,0.05).Callous-unemotional
traits among the youthswithDBDwere significantly related
to proactive (r=0.45, p=0.01), but not reactive aggression
(r=0.19, p=0.33), although these correlations were not sig-
nificantly different (Z=1.44, p=0.15).

A four (offer unfairness: $10/$10, $14/$6, $16/$4, $18/$2)
by two (diagnosis:DBD,healthy) repeated-measuresANOVA
was conducted on the choice data (i.e., level of punishment
selected: $0, $1, $2, $3). A significant main effect of offer was
observed (F=420.93, df=3, 54, p,0.01).Participants increased
retaliation as offer unfairness increased. Neither the main
effect of diagnosis nor the unfairness level-by-diagnosis in-
teraction was significant. However, a significant quadratic
unfairness level-by-diagnosis interactionwas observed (F=4.51,
df=3, 54, p=0.04). While healthy youths and those with DBD
were equally likely to accept fair offers and punished very un-
fair offers ($16/$4 and $18/$2) equally harshly, youths with
DBDpunished slightlyunfair offers ($14/$6)moreharshly than
did healthy youths (Table 1).

fMRI Results
The groups did not differ significantly in movement during
scanning.

A three (diagnosis: DBD/+CU, DBD/–CU, healthy) by two
(task phase: offer phase, decision phase) repeated-measures
ANOVAwas conductedon theBOLDdatamodulated byoffer

FIGURE 1. The Social Fairness Gamea

Pam takes $10 and offers you $10. 

Press:

1 to ACCEPT.

2 to spend $1 and make Pam lose $7

3 to spend $2 and make Pam lose $14

4 to spend $3 and make Pam lose $21

Pam takes $10.

You get $10.

Pam gets $13.

You get $2.

Pam gets –$1.

You get $0.

Offer phase

3 seconds

Jittered interval

0.5–3.5 seconds

Jittered interval

0.5–3.5 seconds

 

 

Decision phase

4 seconds

Outcome phase

3 seconds

Pam gets $6.

You get $1.

E

F

G

H

Pam takes $14 and offers you $6. 

Pam takes $16 and offers you $4. 

Pam takes $18 and offers you $2. 

A

B

C

D

a Participantswerepresentedwitheithera fair (A)oranunfair (B,C, andD)division$20.After a jittered interval, participants chose, viabuttonpress, either to
accept the offer (E) or to retaliate by spending $1–$3 of a pot of punishmentmoney. For every punishment dollar spent in retaliation, the offerer lost $7
(F, G, and H). In this example, (E) shows the outcome of accepting a fair offer, but unfair offers can also be accepted.
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unfairness in the offer phase and punishment level in the
decision phase (Table 2; for complete results, see the sup-
plemental results section and Tables S1–S3 in the online data
supplement).

Region-of-Interest Results
Amygdala. A significant main effect of diagnosis was ob-
served (Figure 2). Youths with DBD/–CU showed signifi-
cantly greater right amygdala (coordinates: 23,28,26; k=10)

TABLE 2. Brain Regions Demonstrating Differential Functional Connectivity in Healthy Youths (N=28) and Youths With Disruptive
Behavior Disorders and Low (N=15) or High (N=15) Levels of Callous-Unemotional Traits: Diagnosis-by-Provocation Level Analyses

Peak Activationb

Regiona Side BA x y z F p Voxels

Left amygdala
Dorsomedial prefrontal gyrus Left 6 –4.5 4.5 56.5 15.74 ,0.0001 132
Right amygdala
Ventromedial prefrontal cortex Right 32/10 1.5 43.5 5.5 9.34 0.0003 22
Dorsomedial prefrontal cortex Left 8 –4.5 28.5 44.5 11.98 ,0.0001 70
Middle temporal cortex Right 37 52.5 –61.5 5.5 10.20 ,0.0001 50
Superior temporal gyrus Right 21 58.5 –40.5 –0.5 13.68 ,0.0001 100
Paracentral/cingulate cortex Right 24/32 25.5 –40.5 50.5 11.36 ,0.0001 551
Parahippocampal gyrus Right 37.5 –22.5 –12.5 12.94 0.0002 40
Fusiform gyrus Right 37 28.5 –46.5 –12.5 12.41 0.0008 30
Postcentral gyrus Left 3 –25.5 –31.5 53.5 13.28 ,0.0001 98
Declive Right 37.5 –70.5 –21.5 12.88 ,0.0001 89
Claustrum Left 13 –37.5 –22.5 –0.5 12.41 ,0.0001 88
Precentral gyrus Left 6 –37.5 –4.5 53.5 9.19 0.0004 73
Declive Left –49.5 –58.5 –21.5 13.31 ,0.0001 72
Cuneus Right 19 28.5 –82.5 29.5 8.51 0.0006 40
Precentral gyrus Right 4 31.5 –19.5 38.5 8.29 ,0.0001 30

a According to the Talairach Daemon Atlas (http://www.nitrc.org/projects/tal-daemon/).
b Based on the Tournoux and Talairach standard brain template. BA=Brodmann’s area.

FIGURE 2. Regions of Basic Threat Circuitry Showing Group Differences Between Healthy Youths (N=28) and Youths With Disruptive
Behavior Disorders and Low (N=15) or High (N=15) Levels of Callous-Unemotional Traitsa
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aDBD/+CU=disruptive behavior disorders with high levels of callous-unemotional traits; DBD/–CU=disruptive behavior disorders with low levels of
callous-unemotional traits. In panel A, during the task, healthy youths showed increasedmodulated activation in the right amygdala relative to youths
with DBD/+CU and DBD/–CU. In panel B, during the decision phase but not the offer phase, youths with DBD/–CU showed increased activation as
a function of retaliation in the periaqueductal gray relative to youths with DBD/+CU and healthy youths. Asterisks indicate post hoc tests that were
significant at p,0.05.
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responses relative to healthy youths (t=3.33, p,0.01) and
youths with DBD/+CU (t=2.84, p,0.01), who did not differ
significantly from each other. Among the youths with DBD,
modulated amygdala responsewas inversely associatedwith
callous-unemotional traits (r=20.49, p,0.01], but not with
reactive aggression.

Periaqueductal gray. A significant diagnosis-by-task phase in-
teractionwas observed in the periaqueductal gray (coordinates:
10, 221, 4; k=6). During the decision phase, youths with
DBD/–CU showed a significantly greater modulated peri-
aqueductal gray activation relative to healthy youths (t=2.14,
p=0.04) and youthswith DBD/+CU (t=2.23, p=0.03), who did
not differ significantly from each other. There were no signif-
icant between-group differences in the offer phase (Figure 2).

Ventromedial prefrontal cortex. A significant main effect of
diagnosis was observed, in which youths with DBD/–CU
showed significantly reduced attenuation of modulated ven-
tromedial prefrontal cortex (coordinates:211, 33,22; k=13)
response relative to healthy youths (t=3.228, p=0.003). Youths
with DBD/+CU did not differ significantly from youths with
DBD/–CU or healthy youths (Figure 3).

Generalized Psychophysiological Interaction Analyses
A significant diagnosis-by-provocation level interaction was
observed in the ventromedial prefrontal cortex using the
right amygdala seed (Figure 3; see also the online data
supplement). During high provocation conditions, greater
functional connectivity was observed between the right
amygdala and the ventromedial prefrontal cortex in healthy

FIGURE3. GroupDifferences in the Ventromedial Prefrontal CortexBetweenHealthy Youths (N=28) andYouthsWithDisruptive Behavior
Disorders and Low (N=15) or High (N=15) Levels of Callous-Unemotional Traitsa
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aDBD/+CU=disruptive behavior disorders with high levels of callous-unemotional traits; DBD/–CU=disruptive behavior disorders with low levels of
callous-unemotional traits; vmPFC=ventromedial prefrontal cortex. InpanelA, youthswithDBD/–CUshowed less reduction in ventromedial prefrontal
cortex activationasa functionof retaliation relative tohealthy youths andyouthswithDBD/+CU. InpanelB, healthy youths showed increased functional
connectivity during high provocation trials relative to youths with DBD/–CU and DBD/+CU. In panel C, a mediation analysis indicated that attenuated
modulated ventromedial prefrontal cortex activation mediated the relationship between reactive aggression and retaliatory propensity. In panel D,
anothermediation analysis indicated that ventromedial prefrontal cortex-amygdala functional connectivitymediated the relationshipbetween reactive
aggression and retaliatory propensity. Asterisks indicate post hoc tests that were significant at p,0.05.
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youths relative to both youths with DBD/–CU (t=2.98,
p,0.01) and those with DBD/+CU (t=2.16, p=0.04), who did
not differ significantly from each other.

BOLD Response and Behavior
Retaliatory propensity was inversely associated with atten-
uation ofmodulated ventromedial prefrontal cortex response
(r=20.44, p,0.01) and ventromedial prefrontal cortex-
amygdala connectivity during high provocation/retaliation
conditions (r=20.34, p=0.01). Given the significant rela-
tionship between retaliatory propensity and both modulated
ventromedial prefrontal cortex response and ventromedial
prefrontal cortex-amygdala functional connectivity, a hierarchical
linear regression analysis was used to determine whether the
modulated and connectivity data were independently related
to retaliatory propensity beyond reactive aggression and
callous-unemotional traits. Both modulated BOLD response
(b=0.36, DR2=0.11, p,0.01) and functional connectivity in the
ventromedial prefrontal cortex (b=20.29, DR2=0.09, p=0.02)
were observed to contribute unique variance in the prediction
of retaliatory propensity.

Attenuation of modulated ventromedial prefrontal cortex
response and retaliatory propensity were both significantly
correlated with reactive aggression (r=20.39 and r=0.26,
respectively, p,0.05), although the correlation of ventro-
medial prefrontal cortex-amygdala connectivity with re-
active aggression fell short of significance (r=20.24, p=0.08).
The relationship between retaliatory propensity and reac-
tive aggression was not significant when controlling for
attenuation in modulated ventromedial prefrontal cortex
response or ventromedial prefrontal cortex-amygdala con-
nectivity. However, the relationships between retaliatory
propensity and attenuated ventromedial prefrontal cortex
response (rpartial=20.38, p,0.01) and ventromedial prefron-
tal cortex-amygdala connectivity (rpartial=20.29, p=0.03) re-
mained significant after controlling for reactive aggression
and callous-unemotional traits. This suggests that modulated
ventromedial prefrontal cortex response and ventromedial
prefrontal cortex-amygdala connectivity mediate (32) the
association between reactive aggression and retaliatory
propensity.

Confounding Factors
Among the youths with DBD, medication could not be
withheld during scanning for 23.3% (N=7), and 50% (N=15)
had comorbid ADHD. Therefore, the preceding analyses
were rerunwith these youths removed fromthe sample. In all
regions, activations in similar regions were observed when
onlyunmedicatedyouthswere includedandwhenyouthswith
comorbid ADHD and DBD were excluded (see Tables S4–S7
in the online data supplement).

DISCUSSION

To our knowledge, this is the first study to link retaliatory
propensity to reactive aggression in youths with DBD. In

addition, it provided the first demonstration of increased
periaqueductal gray responding to provocation in youths
with DBD/–CU, but not thosewith DBD/+CU. Critically, this
study demonstrated the role of ventromedial prefrontal cor-
tex dysfunction and ventromedial prefrontal cortex-amygdala
functional connectivity in regulating retaliatory behavior.
Furthermore, these results suggest that disruption in ven-
tromedial prefrontal cortex-amygdala functional connectivity
accounts for the common risk of increased retaliation/reactive
aggression in DBD irrespective of callous-unemotional traits.

In line with our first prediction, retaliatory propensity on
our ultimatum game task was significantly more positively
associated with propensity for reactive relative to proactive
aggression. PatientswithDBD retaliatedmore severely during
an ultimatum game, particularly to slightly unfair offers, than
healthy youths. These data are consistent with other behav-
ioral findings in antisocial adolescents (8). In contrast, level
of callous-unemotional traits didnotpredict level of reactive
aggression (although it was associated with proactive aggres-
sion), consistent with previous research (3).

According toourposition (15),whileyouthswithDBD/+CU
and DBD/–CU both show increased retaliatory behavior,
the neurobiological underpinnings of the increase differ by
level of callous-unemotional traits. Consistentwithour second
prediction, youths with DBD/–CU showed exaggerated basic
threat circuitry (periaqueductal gray/amygdala) activation
(33) as a function of level of retaliation relative to youths with
DBD/+CU and healthy youths. These data extend previous
work reporting increased amygdala responses to provocation
in youths with DBD/–CU relative to youths with DBD/+CU
and healthy youths (17–19). According to our position, this
heightened basic threat circuit sensitivity increases the like-
lihood of reactive aggression (rather than freezing or flight)
in response to a threatening or provocative stimulus (15).
However, it should be noted that neither amygdala nor
periaqueductal gray response predicted general propensity
for retaliation in the task or reactive aggression levels more
generally. Whether this reflects a type II error or is an in-
dication that this pathology is more related to other asso-
ciated symptomatology (e.g., anxiety) will be determined in
future work.

Our third prediction was that youths with DBD, irre-
spective of level of callous-unemotional traits, are at in-
creased risk for reactive aggression because of dysfunction in
the ventromedial prefrontal cortex’s putative role in in-
strumentally selecting the form of retaliatory behavior as
a functionof expected rewardsorpunishments (5, 14, 34). It is
possible, however, that ventromedial prefrontal cortex re-
sponsiveness on this task might alternatively represent other
putative roles for this structure—for example, direct sup-
pression of the amygdala (35), self-referential processing
(36), and representation of social and emotional structured
event complexes (37). We predicted that patients with DBD
would show less reduction in ventromedial prefrontal cortex
activity as a function of punishment level (i.e., less repre-
sentation of the cost of retaliating) (11). This hypothesis was
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confirmed for patients with DBD/–CU, but not those with
DBD/+CU. However, patients in both DBD groups showed
reduced functional connectivity between the right amygdala
and the ventromedial prefrontal cortex during high provo-
cation trials relative to healthy youths. This suggests a failure
in the appropriate interaction of the amygdala and ventro-
medial prefrontal cortex in patients with DBD, irrespective
of level of callous-unemotional traits, when responding to
high provocation. In line with our fourth prediction, both
modulated ventromedial prefrontal cortex response and ven-
tromedial prefrontal cortex-amygdala functional connec-
tivity contributed unique variance in the prediction of
retaliatory propensity, and a mediation analysis supported
the critical role of the ventromedial prefrontal cortex in
regulating retaliation and reactive aggression. These data
suggest that ventromedial prefrontal cortex-amygdala con-
nectivity is critical for regulating retaliation and reactive ag-
gression, describing putative common impairment in youths
with DBD/+CU and DBD/–CU that contributes to retaliatory
behavior.

Several caveats should be considered with respect to
these data. First, an ADHD comparison group was not in-
cluded, although a group analysis excluding youths with
DBD and comorbid ADHD revealed similar results, with
similar activations for all contrasts. Second, themedications
of two youths with DBD could not bewithheld for scanning;
here again, group analyses excluding these participants
identified similar regions for all contrasts. Third, the three-
group analyses utilized relatively small samples. Thus, it is
possible that type II error accounts for the failure of youths
with DBD/+CU to show the hypothesized problems in BOLD
response in the ventromedial prefrontal cortex as a functionof
punishment level (although this group did show the predicted
reduced ventromedial prefrontal cortex-amygdala connec-
tivity in response to high provocation). Our results in this
study will need to be replicated with larger samples. Fourth,
the periaqueductal gray is a small structure that is not ex-
pressly defined in AFNI’s probability maps. Therefore, we
cannot be certain that the signal detected in the periaque-
ductal gray is exclusively from that structure; neighboring
structures may also be involved.

In summary, three features of this study are particularly
important for our understanding of disruptive disorders:
First, this was the first study to document increased peri-
aqueductal gray response to provocation in youths with
DBD/–CU, but not in those with DBD/+CU. These data
suggest that interventions designed to reduce emotional
responsiveness would be most efficiently applied only to
youths with DBD/–CU. Second, our results highlight the
critical role of the ventromedial frontal cortex in the
regulation of retaliatory behavior and that this structure
is dysfunctional (at least its interaction with the amygdala)
in patients with DBD irrespective of level of callous-
unemotional traits. This dysfunction would appear to repre-
sent an important treatment target for future interventions.
And third, level of ventromedial prefrontal cortex dysfunction

in the ultimatum game task predicted level of reactive ag-
gression in youths with DBD. This is important, as no fMRI
markers of reactive aggressionhavebeen identifiedpreviously.
Moreover, it is important to remember that the dysfunction
seen here in patients with DBD is likely seen in patients with
other psychiatric disorders who are at risk for maladaptively
increased levels of reactive aggression, for example, post-
traumatic stress disorder, borderline personality disorder,
and disruptive mood dysregulation disorder (38). Thus,
this study provides a marker task of potential relevance to
researchers who are concerned about maladaptively in-
creased levels of reactive aggression both in patients with
DBD and in those with other disorders.
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