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Abstract 

Decision making and feedback processing are two important cognitive processes that are impacted by social context, 

particularly during adolescence. The current study examined whether a psychosocial intervention could improve 

psychological wellbeing in at-risk adolescent boys, thereby improving their decision making and feedback processing 

skills. Two groups of at-risk adolescents were compared: those who were relatively new to a psychosocial intervention, 

and those who had engaged over a longer time period. Electroencephalography was recorded while the young people 

participated in a modified version of the Taylor Aggression Paradigm. The late positive potential (LPP) was measured 

during the decision phase of the task (where participants selected punishments for their opponents). The feedback related 

negativity (FRN) and P3 components were measured during the task’s outcome phase (where participants received 

‘win’ or ‘lose’ feedback). Adolescents who were new to the intervention (the minimal-intervention group) were harsher 

in their punishment selections than those who had been engaged in the program for much longer. The minimal-

intervention group also showed an enhanced LPP during the decision phase of the task, which may be indicative of 

immature decision making in that group. Analysis of the FRN and P3 amplitudes revealed that the minimal-intervention 

group was physiologically hypo-sensitive to feedback, compared with the extended-intervention group. Overall, these 

findings suggest that long-term community-based psychosocial intervention programs are beneficial for at-risk 

adolescents, and that event-related potentials can be employed as biomarkers of therapeutic change. However, because 

participants were not randomly allocated to treatment groups, alternative explanations cannot be excluded until further 

randomized controlled trials are undertaken. 
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Adolescence is a time of rapid cognitive and behavioural maturation. However, some cognitive skills – such 

as decision making and feedback processing – are sub-optimal during adolescence. This may be partly due to the fact 

that adolescents are highly susceptible to influence from their social environment, which affects the way that they make 

decisions and how they respond to the outcomes of their decisions and behaviour. Arguably, the impact of social context 

is crucially important for ‘at-risk’ adolescents, whose decisions often lead to poor psychological and behavioural 

outcomes [1,2]. The current study aimed to assess decision making and feedback processing in at-risk adolescent boys, 

by employing a sensitive physiological measure. To that end, electroencephalography was recorded while two groups 

of young people participated in a version of the Taylor Aggression Paradigm (TAP). The two groups differed in their 

degree of involvement in a psychosocial intervention program, thereby allowing us to explore the relationship between 

therapeutic intervention, decision making and feedback processing in at-risk young people.  

We recently demonstrated the importance of social context on decision making and feedback (outcome) 

processing in typically-developing adolescents [3,4]. Using a modified TAP task, participants competed online against 

two peer opponents. Unbeknownst to participants, the opponents were fictional – we created one highly provocative 

opponent and one less provocative opponent. On each trial of the task, participants either won or lost to their opponent 

(enabling us to examine feedback processing). In addition, participants were able to select the level of punishment 

experienced by their opponent (allowing us to examine decision making). Electrical brain activity was recorded using 

electroencephalography, and event-related potentials (ERPs) were compared across older and younger age groups (10-

12 years, versus 14-16 years). During the Decision Phase of the task (when participants decided how harshly to punish 

their opponent), we examined the Late Positive Potential (LPP) component, as an electrophysiological index of 

participants’ emotional processing whilst making their decision. The LPP was larger when adolescents competed against 

the highly provocative opponent versus the less provocative opponent. This result was restricted to younger adolescents 

suggesting that emotional reactivity during the Decision Phase was heightened for younger, more immature adolescents. 

During the Feedback Phase of the task, the Feedback Related Negativity (FRN) component suggested that adolescents 

place a greater value on winning when competing against a highly provocative opponent than when competing against 

a less provocative opponent. This was because the FRN was reduced (less negative) for high provocation trials versus 

low provocation trials. Collectively, the data highlight the relevance of social context when adolescents make decisions 

and receive feedback. The results also demonstrate how ERPs can be successfully used to examine the trajectory of 

normal adolescent development. The current study therefore asked whether the application of these biomarkers could 

be further extended to assess changes in cognitive processing associated with therapeutic interventions – rather than to 

simply assess normative adolescent development. Specifically, we recruited at-risk adolescents, whose decision making 

skills and feedback processing are likely to be heavily influenced by social context.  
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At-risk adolescents do not represent a homogenous psychiatric population but often live in high stress 

environments characterised by poverty, community violence and trauma [5]. These young people present with a 

heterogeneous range of cognitive and behavioural difficulties, particularly conduct problems and antisocial, 

externalizing behaviors [5,6]. ERPs are useful measures to assess functioning in children and young people who have 

experienced early adversity and psychosocial deprivation [7,8]. Our own work with at-risk adolescents has confirmed 

the efficacy of ERPs to assess psychopathology and therapeutic change in that population. For example, using a passive 

picture viewing task, we demonstrated that the LPP was reduced (less positive) in adolescent boys who had recently 

engaged in criminal activities compared with adolescents who had not [9]. Using the same passive viewing task, we 

showed that the LPP was reduced in adolescent boys who were new to a community psychosocial intervention, versus 

those who had received the intervention for approximately one year [6]. In other words, the LPP may have been altered 

by therapeutic intervention. In the current study, we aimed to extend our work investigating the value of the LPP as a 

biomarker of therapeutic change by measuring this component while participants actively made decisions (using the 

TAP task), rather than while viewing emotional images passively. We also aimed to investigate how informative the 

FRN is as a potential biomarker of therapeutic intervention related to changes in reward processing, by measuring this 

component in the TAP task. Two groups of at-risk adolescents were compared: those who were relatively new to a long-

term psychosocial program, versus those who had engaged for a longer period. It is important to highlight that this 

cross-sectional design cannot assess within-subject variability, and cannot speak directly to intervention-related change. 

However, participants in the two groups were well matched on numerous social and demographic variables, such that 

reliable differences between the groups should support the use of ERP biomarkers as indices of therapeutic effectiveness 

– which could then be further tested in randomized controlled trials (RCTs).  

A number of clinical interventions for at-risk adolescents have been reported, but their outcomes are mixed 

[10-15]. The mechanisms underpinning successful treatments are often unclear, and so it is argued that research should 

use sensitive methodological techniques to help reveal underlying mechanisms [16,6,17,18]. The current study therefore 

employed ERPs to examine whether decision making and feedback processing differ as a result of involvement in 

psychosocial intervention. Specifically, we recruited two groups of at-risk adolescent boys: those who were new to a 

psychosocial program and had received minimal therapeutic input, and those who had been engaging with a therapeutic 

keyworker as part of the intervention for over one year, on average.  Clearly, a longitudinal RCT would be a superior 

research design to examine our research question. Yet since RCTs are highly expensive and resource intensive, we 

argue that observing reliable differences between these two groups is an important initial step to establish ‘proof of 

principle’ that psychosocial interventions have beneficial effects for high risk teenage boys. The current study would 

therefore be beneficial prior to undertaking fully randomized trials.  
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The community-based intervention assessed in this study supports young people with complex social needs 

including poverty and disruptive behavior. Cognitive and behavioural impairments in these adolescents are not 

unexpected, given that chronic social adversity is correlated with conduct problems and psychological ill-health [19,20]. 

Decision making and feedback processing therefore seem to be appropriate targets for assessing the biological changes 

associated with therapeutic intervention in at-risk adolescents. Existing research supports this line of reasoning because 

adolescents with disruptive behaviour disorders and externalizing symptoms show abnormal feedback processing: they 

typically choose large immediate rewards even if their choices are associated with large potential punishments [21]. 

These young people will also perseverate in responding to rewarding feedback, even when doing so becomes 

unfavourable because response contingencies change [22,23]. Using functional magnetic resonance imaging, feedback 

processing has been shown to be deficient in young people with antisocial behavior, as evidenced by abnormal activity 

in the ventral striatum [24], the caudate [25,26], the anterior cingulate [24,27] and the orbito-frontal cortex [28,29]. In 

EEG studies, the FRN component has been found to be altered in adolescent participants with externalising behaviours. 

For example, adolescents with foetal drug exposure show high risk-taking behaviours and reduced (less negative) FRN 

amplitudes [30]. In a different study, FRN amplitudes evoked by failure were reduced in 15 year old boys with high 

levels of sensation seeking [31]. This result is consistent with the theory that high risk adolescents are physiologically 

hypo-sensitive to feedback, but is in contrast to data from typically-developing adolescents, who are often hypersensitive 

to feedback information (particularly rewards) [32]. Research by Krämer, Büttner, Roth and Münte [33] used the TAP 

task and found that the difference between reward-related FRN amplitudes on win versus loss outcomes was larger in 

aggressive adults versus non-aggressive adults. Taken together, the existing research confirms that feedback processing 

is disrupted in participants with externalizing behaviours. However, it is currently unclear whether psychosocial 

intervention impacts FRN magnitude in at-risk individuals, and therefore whether the FRN can be employed as a 

biomarker of therapeutic change.  

Given that adolescents with externalizing behaviours may show attentional hypo-sensitivity to feedback 

information, we also measured the feedback-related P3 component in this study. Reduced (hypo-sensitive) P3 

amplitudes have been linked to various psychopathologies including antisocial behavior as well as depression, 

schizophrenia, and dependency disorders [34-38]. The P3 is frequently examined in studies of feedback processing 

because it is sensitive to both feedback outcome (for example, win versus loss outcomes) and feedback magnitude (for 

example, amount of money won) [39-43].  

To achieve this study’s aims, we invited at-risk adolescents who were involved in a long-term therapeutic 

psychosocial intervention (provided by a charity based in inner city London) to participate. The intervention aimed to 

help at-risk children and adolescents suffering from chronic social adversity. As part of the intervention, at-risk young 

people were paired with an adult keyworker, who was trained in principles of attachment theory and behavior 
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management. The keyworker coordinated a long-term, broad package of care for the young person, including practical 

help and emotional support. The package of care was designed to help adolescent development over an extended period 

of time (months to years), by enhancing psychological well-being, promoting healthy attachments, reducing 

externalizing behaviour, increasing educational attainment, improving physical health and helping to mediate poverty-

related socio-legal problems (such as access to housing) [44,45].  

The two groups of at-risk adolescents participated in the TAP task while their brain activity was recorded using 

EEG. It is important to reiterate that the recruited sample did not reflect a homogenous psychiatric population. However, 

we claim that it is vital to conduct research with at-risk adolescents who are lacking a medical diagnosis, as these young 

people are often excluded from preventative services and psychological therapeutic provisions. We hypothesized that 

psychosocial intervention would normalize feedback processing and would be associated with a more mature decision 

making style. Therefore, it was predicted that the minimal-intervention participants would select harsher punishments 

for their opponents on the TAP task than would extended-intervention participants. During the Decision Phase, we 

predicted that the LPP would be larger (more positive) for minimal-intervention participants compared with extended-

intervention participants (consistent with our prior research using a normative adolescent sample, which demonstrated 

a larger LPP during the Decision Phase for younger, more immature participants). During the Feedback Phase, we 

hypothesized that the FRN and P3 components would be reduced for the minimal-intervention group versus the 

extended-intervention group, consistent with prior research demonstrating physiological hypo-sensitivity to feedback 

in externalizing participants [see 30,31]. 

 

Materials & Methods 

 

Participants 

Participants were 77 adolescent males (aged 13–18 years) who had been assessed by the charity providing the 

intervention as having ‘High’ or ‘Medium’ levels of risk. High or Medium risk ratings required at least one of the 

following criteria to be met: emotional turmoil, serious risk-taking behaviour, homelessness, criminal behaviour, signs 

of neglect and/or abuse. Of these 77 participants, one did not complete the task, the equipment malfunctioned during 

one further session and three more were excluded due to poor EEG data quality. The remaining participants were 

matched for age across the minimal-intervention and extended-intervention groups, resulting in the exclusion of one 

additional participant who could not be age-matched across the groups. This resulted in 36 participants per group. 

Young people were eligible for participation in the study if they had no developmental disability or delay (for 

example, learning difficulties or autism spectrum disorder). In addition, participants were required to be academically 

eligible for mainstream state schooling in England. Although a high proportion of participants had been excluded from 
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school at some point in their education, this was not due to intellectual abilities, but typically for antisocial behaviour 

or failing to follow school rules.   

The intervention was a long-term psycho-social package of care coordinated by a designated keyworker at 

‘Kids Company, London’. Participants in the minimal-intervention group had been involved in the psychosocial 

intervention for four months or less (Mean=1.9, SD=1.7, range=0–4.6), and participants in the extended-intervention 

group had been involved in the intervention for nine months or more (Mean=16.6, SD=8.4, range=9.4–36.5). 

Keyworkers confirmed that all extended-intervention participants had regularly engaged in the intervention program. 

Socio-economic status was estimated using a freely available tool from the Office for National Statistics (UK). 

The tool uses postcode data to estimate the proportion of households living in poverty (that is, below 60% median 

income) for small geographic areas. Estimates are derived using survey, census and administrative data. As shown in 

Table 1, socio-economic status did not differ across the two groups. 

Given the cross-sectional design of the study, it was important to document the nature of participants’ 

emotional and behavioral difficulties before they received psychosocial intervention. Keyworkers were therefore 

interviewed to estimate the participants’ initial emotional and behavioral difficulties. Keyworkers indicated whether 

each participant had been involved in criminal behavior, had been excluded from school due to antisocial behavior 

and/or had experienced trauma (for example: physical, emotional, sexual abuse; maltreatment, neglect; bereavement of 

a close caregiver; exposed to violence; raised in foster care). Ratings were retrospective, as keyworkers documented the 

nature of the young persons’ difficulties prior to intervention. Because the minimal-intervention participants were new 

to the therapeutic program, 11 of those participants had not yet received a keyworker at the time of participation. Case 

file records were therefore assessed to establish those participants’ emotional and behavioral difficulties, and missing 

scores were recorded for inconclusive case files.  

All participants provided written, informed consent and parental/guardian consent was additionally obtained 

for participants under 16 years of age. Participants had normal or corrected-to-normal vision, and none disclosed a 

developmental disability. Participation was compensated with a £30 shopping voucher for the entire study session 

(which included this task, plus another task previously reported [6]). This sum of remuneration was determined in 

consultation with key workers and pilot participants.  

 

Stimuli & Procedure 

All stimuli were presented on a black background on a Dell 17-inch monitor, refreshing at 60 Hz. In the 

Decision Phase, the stimulus of interest was the word ‘Think’, which appeared in the centre of the screen in white text 

(visual angle: 4° × 1°, at a viewing distance of 57cm). In the Outcome Phase, the stimuli of interest were images of a 

green tick inside a white box (indicating a win outcome) or a red cross inside a white box (indicating a loss outcome). 
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The Outcome Phase stimuli appeared in the centre of the screen and assumed a visual angle of 6.5° × 6.5° (57cm viewing 

distance). On trials where the participant experienced a loss outcome, an aversive auditory stimulus (white noise) was 

delivered via headphones after the offset of the visual cross stimulus. The white noise increased in volume with 

increasing punishment level. The experiment was programmed and presented using E-Prime 2.0 software (Psychology 

Software Tools, Pittsburgh, PA). 

A modified Taylor Aggression Paradigm [4] was used to examine decision making and feedback processing. 

Participants were told that they would compete against two other players in an online, multi-player game. The 

competitive game that participants played against their opponents was a simple Go/No-go task. Participants were 

informed that their performance on the Go/No-go game would determine whether they won or lost a given trial. 

However, the social context was fictional: the computer program provided pre-determined responses on behalf of each 

opponent, and the feedback that participants received on each round (win or loss) was fixed, and not determined by 

participants’ responses. Efforts were taken to ensure the believability of the social context, including the experimenters 

calling a fictional lab to arrange the online connection, and participants being introduced to their opponents via a 

fictional web-camera. Participants were shown two opponents (pre-recorded actors) who also wore an EEG net and 

waved at them before the onset of the first block. Both opponents were males, who appeared to be approximately the 

same age as the participants. To enhance believability, a break block was included, and participants were told that during 

this time their two opponents were playing against each other. Participants appeared to believe the cover story, and were 

very engaged in the task. 

On each trial, participants experienced the following sequence of events, as shown in Figure 1: an instruction 

to think about the punishment level they would like to select for their opponent on this trial (Decision Phase), followed 

by actual punishment selection by participants for their opponent, followed by the competitive Go/No-go game against 

their opponent, followed by win or loss feedback (Outcome Phase), followed by a display of the level of punishment 

selected by the opponent for the participant, followed by white noise (if the participant lost that trial). During the 

Decision Phase, the ‘Think’ stimulus appeared on the screen for 1500msec. The participant then selected a potential 

punishment for their opponent (from levels 1 to 6, via a keyboard button press) and was led to believe that the selected 

punishment would be administered to their opponent if the opponent lost the trial. During the Outcome Phase, the tick 

or cross stimulus appeared in the center of the screen for 1000msec to indicate whether the participant had won or lost 

that trial. Participants were told that performance on the trial (win or loss) was determined by their speed and accuracy. 

Following the outcome stimulus, the participant was then informed about the level of punishment that their opponent 

had selected to inflict on them at the beginning of that trial. 

On each trial, participants experienced either a win or loss outcome. The task was designed so the distribution 

of win/loss outcomes was 50% win and 50% loss for every block. Participants were told they started with £5 ‘in the 
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bank’. Win outcomes were rewarded with 35p. Loss outcomes were punished with a monetary loss and an aversive 

auditory stimulus, both of which increased (in value / amplitude) with the punishment level. Punishment levels 1 to 6 

were respectively associated with punishments of 10p, 20p, 30p, 40p, 50p or 60p. Participants believed that the 

magnitude of the punishment they experienced was selected by their opponent during the Decision Phase. In reality, the 

punishments experienced by participants were predetermined by the experimental software: one opponent was a ‘low 

provoker’ (mean punishment=23p) and the other was a ‘high provoker’ (mean punishment=42p). All participants 

initially competed against the low provoker. The type of opponent (low provoker vs. high provoker) alternated across 4 

blocks of 20 trials per block. 

 

INSERT FIG 1 HERE. Fig 1 Temporal outline of an experimental trial. Participants were asked to think about 

punishment for their opponent, prior to selecting a punishment (between 10p – 60p) for their opponent. Participants 

then played a Go/No-go game against their opponent. A win or loss outcome stimulus was then displayed, and finally 

the opponent’s punishment selection was revealed. The participant was credited with 35p on every ‘Win’ trial, and was 

debited 10p-60p on every ‘Loss’ trial. ERPs were locked to the onset of the Decision Phase or the Outcome Phase, and 

these are highlighted in gray. 

 

Questionnaire Measures 

Early Adolescent Temperament Questionnaire: participants completed a short form of the revised Early Adolescent 

Questionnaire [46]. Sub-scale scores were calculated for Attention, Aggression, Frustration and Inhibitory Control.  

Strengths and Difficulties Questionnaire: participants provided self-report responses to the Strengths and Difficulties 

Questionnaire [47]. This measure is appropriate for community samples. Sub-scale scores were calculated for pro-social 

behaviour, hyperactivity, emotional symptoms, conduct problems and peer problems.  

Inventory of Callous and Unemotional Traits: participants provided self-report responses to the Inventory of Callous 

and Unemotional Traits. Measures on three sub-scores were calculated: callousness, unemotional, uncaring. This 

measure has been validated with community samples of adolescents [48].  

 

EEG Acquisition and Pre-processing 

The 129-channel Hydrocel geodesic sensor system (Electrical Geodesics Inc.) was used to record EEG at a 

sampling rate of 250 Hz. An anti-aliasing low-pass filter (70 Hz) was applied during data acquisition. Data were band-

pass filtered between 0.1 and 30 Hz offline and recomputed to an average reference. Interpolation was applied to 

individual channels using the spline method. For the minimal-intervention group, the mean percentage and range of 

interpolated channels was 8.25% (range: 0.78–10.08%). For the extended-intervention group, the mean percentage and 
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range of interpolated channels was 5.32% (range: 0–9.30%). Independent component analysis removed stereotyped 

artifacts using the FASTER toolbox [49]. Epochs were created between –200 and 700ms relative to the epoching 

stimulus. Epochs were rejected as artifacts if they met either of the following criteria: voltage deviations exceeding 

150µV relative to baseline or peak-to-peak moving amplitude exceeding 150µV in a 200msec moving window.  

 

Data Analysis 

 

We examined whether the two groups were initially comparable using independent samples t-tests to compare age and 

socio-economic status. Chi-square tests compared the proportion of participants who had experienced school exclusion, 

criminal engagement and trauma. 

 

Behavioural Data 

The punishment level selected by participants on the first trial of the experiment was used as a proxy for 

unprovoked aggression, and compared across the two groups using an independent-samples t-test. First punishment 

responses have been successfully used to reflect unprovoked aggression in previous research [50]. Each participant’s 

average punishment selections were then computed for every block of the task. Punishment selections were analysed 

using an ANOVA with provocation (low vs. high) as a within-subjects factor and group (minimal-intervention vs. 

extended-intervention) as a between-subjects factor. Finally, we calculated how quickly participants made their 

punishment selections, and subjected these reaction time data to an ANOVA with provocation and group as factors. 

To investigate group differences in inhibitory control, we analysed data from the Go/No-go game. Specifically, 

the proportion of correct ‘Go’ responses, the proportion of correct ‘No-go’ responses, and reaction times to ‘Go’ stimuli 

were calculated and compared across the two groups using independent-samples t-tests.  

 

Questionnaire Measures 

Group scores on each sub-scale of the Early Adolescent Temperament Questionnaire, the Strengths and Difficulties 

Questionnaire and the Inventory of Callous and Unemotional Traits were contrasted using independent-samples t-tests.   

 

ERP Data: Decision Phase 

ERP data from the Decision Phase and the Outcome Phase of the task were analysed separately. ERPs were 

locked to the onset of the Think screen in the Decision Phase and the onset of the Outcome screen in the Outcome Phase. 

In the Decision Phase, we used the LPP as a determinant of punishment selection [3]. The LPP was defined as 

activity in a parietal scalp location: electrodes 53, 54, 60, 61, 67 (left hemisphere) and 77, 78, 79, 85, 86 (right 
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hemisphere) in the hydrocel geodesic sensor net. As per Cuthbert et al. [51], the LPP was defined as mean amplitude in 

the window 400–700msec after onset of the stimulus (the Think screen). Mean LPP amplitudes were analysed using an 

ANOVA with hemisphere, provocation and group as factors. 

 

ERP Data: Outcome Phase 

In the Outcome Phase, ERPs were locked to the onset of the Win or Loss outcome screens. In line with prior 

findings [52,53], activity at FCz (electrode 6 in the hydrocel geodesic sensor net) in the time window 200-300msec after 

stimulus onset was used to calculate the FRN. FRN mean amplitudes were analysed using an ANOVA with outcome 

(win vs. loss), provocation (low vs. high) and group (minimal-intervention vs. extended-intervention) as factors.  

In line with previous work, the P3 was defined as the positive deflection occurring in a central-parietal scalp 

area (electrodes 61, 62, 67, 72, 77, 78 in the hydrocel geodesic sensor net) [54-56]. Mean P3 amplitudes were calculated 

in the window 300-500msec after stimulus onset, as per previous research [57-59]. P3 mean amplitudes were subjected 

to an ANOVA with outcome, provocation and group as factors.  

 

Results 

 

Sample Characteristics 

The minimal-intervention and extended-intervention groups were matched for age and socio-economic status. 

According to keyworker ratings, the groups were initially equated in terms of the percentage of participants who had 

been excluded from school, engaged in criminal activity, and experienced trauma. Self-report questionnaire measures 

indicated that psychological functioning was similar between the two groups at the time of participation in the study, as 

there were no significant group differences on any questionnaire sub-scale (see Table 1). Demographic details, 

behavioural characteristics and questionnaire data are presented in Table 1.  

 

INSERT TABLE 1 HERE. Table 1 Demographic and behavioural characteristics (mean and standard deviations, or 

percentages) for the minimal-intervention and extended-intervention groups (N=36 per group). 

 

Behavioural Data 

The first punishment selected by each participant was used as an index of unprovoked aggression. As shown 

in Table 2, first punishment selections did not differ between the two groups (t(70)=1.350, p=.181). For both groups, 

average punishment selections were larger under high provocation compared with low provocation (F(1,70)=74.270, 

p<.001, η2=.515). Importantly, an interaction between group and provocation emerged (F(1,70)=5.019, p=.028, 
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η2=.067). As shown in Figure 2, punishment selections did not differ between minimal-intervention and extended-

intervention participants under low provocation. Under high provocation, however, minimal-intervention participants 

selected harsher punishments. Overall, participants were faster to select punishments when competing against the highly 

provocative player (F(1,70)=5.209, p=.026, η2=.069), but reaction times did not vary as a function of group (F<1). 

 

INSERT FIG 2 HERE. Fig 2 Mean punishment selections for the minimal-intervention and extended-intervention 

groups under high and low provocation. 

 Behavioural data from the Go/No-go game was used to assess underlying group differences in inhibitory 

control. Accuracy on Go trials did not differ between the two groups (Minimal-intervention: 89.32% (SE: 1.66); 

Extended-intervention: 86.03% (SE: 2.31); t(70)=1.158, p=.251). Accuracy on No-go trials was also statistically 

equivalent across the two groups of participants (Minimal-intervention: 99.17% (SE: 0.21); Extended-intervention: 

98.89% (SE: 0.51); t(70)=.506, p=.614). Finally, reaction times to the Go stimuli did not differ as a function of 

intervention (Minimal-intervention: 474.75 msec (SE: 5.54); Extended-intervention: 478.82 msec (SE: 7.82); t(70)=-

.425, p=.672). 

 

INSERT TABLE 2 HERE. Table 2 Mean behavioural data from the TAP for the minimal-intervention and extended-

intervention groups. Participants’ punishment selections could range from 10p to 60p. Higher values are indicative of 

larger punishment selections for their opponent. Higher reaction times are indicative of slower responses. Standard 

deviations are shown in brackets. 

 

ERP Data: Decision Phase 

Data from the LPP analyses are shown in in Figure 3. There were no main effects of hemisphere (F<1), group 

(F(1,70)=2.346, p=.130, η2=.032) or provocation (F(1,70)=3.006, p=.087, η2=.041). However, the provocation × group 

interaction approached significance (F(1,70)=3.776, p=.056, η2=.051), and the three-way interaction between 

hemisphere, provocation and group was statistically significant (F(1,70)=5.554, p=.021, η2=.074). Post-hoc contrasts 

were Bonferroni corrected for multiple comparisons (critical α=.025). Although the LPP did not vary with provocation 

for the extended-intervention group (p=.883), the LPP was larger (more positive) under high provocation versus low 

provocation for the minimal-intervention group (p=.011). This effect was stronger in the left hemisphere (p=.004) than 

the right hemisphere (p=.072). 

 

INSERT FIG 3 HERE. Fig 3 The LPP as a function of group and provocation condition, time-locked to the onset of 

the ‘Think’ screen. ERPs are shown at parietal electrodes (black circles on the topographies indicate the electrodes 
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used). Grey boxes show the time window (400-700msec) used to calculate mean amplitudes. Topographies show the 

scalp distribution of the difference in amplitude between provocation conditions (low provocation minus high 

provocation). 

 

ERP Data: Outcome Phase 

As hypothesized, the FRN was more negative following loss outcomes than win outcomes (F(1,70)=43.308, 

p<.001, η2=.382). Mean FRN amplitudes were also more negative for the extended-intervention group than the minimal-

intervention group (F(1,70)=4.217, p=.044, η2=.057; see Figure 4). Provocation did not impact FRN amplitude, as no 

main or interaction effects involving provocation were statistically significant (smallest p=.272). Further, the group 

(minimal-intervention versus extended-intervention) x outcome (win versus loss) interaction was not significant 

(F(1,70)=1.585, p=.212, η2=.022).  

P3 amplitudes were larger (more positive) on win trials compared with loss trials (F(1,70)=46.409, p<.001, 

η2=.399). P3 amplitudes were also larger for the extended-intervention group compared with the minimal-intervention 

group (F(1,70)=7.727, p=.007, η2=.099). As shown in Figure 4, a significant interaction between outcome and group 

suggested that the magnitude of difference between win and loss trials was reduced for the minimal-intervention group 

(F(1,70)=6.644, p=.012, η2=.087). In other words, minimal-intervention participants appeared hypo-sensitive to 

feedback stimuli. No main or significant effects involving provocation were statistically significant (smallest p=.152).  

 

INSERT FIGURE 4 HERE. Fig 4 The FRN and P3 ERPs as a function of group and outcome, time-locked to the 

onset of the feedback stimulus (win or loss). Grey boxes show the time windows used to calculate mean amplitudes 

(200-300msec for the FRN and 300-500msec for the P3). Topographies show the scalp distribution of the difference in 

amplitude between outcomes (loss minus win). Black circles on the topographies indicate the electrodes used to generate 

the ERPs. 

 

Discussion 

The major aim of this study was to investigate whether decision making and feedback processing are impacted 

by participation in a psychosocial intervention. Assuming that psychosocial intervention improves cognitive and 

behavioral functioning, we expected to see differences between the minimal-intervention and extended-intervention 

groups in terms of their behavior (punishment selection choices), as well as their brain responses during the Decision 

and Outcome Phases of the task. Overall, our data suggest that psychosocial intervention may be associated with 

improvements in decision making and feedback processing (as reflected by the behavioural and EEG data). Specifically, 

minimal-intervention participants punished the highly provocative opponent more harshly than extended-intervention 
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participants did. In addition, during the Decision Phase, the LPP was effected by provocation for the minimal-

intervention group only (consistent with immature decision making). The minimal-intervention group also demonstrated 

reduced FRN and P3 components during the Outcome Phase (consistent with physiological hypo-reactivity to feedback). 

These findings are of course consistent with a treatment effect, but because the participants were not randomly allocated 

to the two treatment groups, alternative, non-causal explanations cannot be ruled out until full clinical trials are 

undertaken. The findings are discussed in turn below.  

 

Behavioural Responses 

For both groups of participants, provocation condition (as administered by the two ‘opponents’) influenced 

participants’ punishment selections. Participants selected larger average punishments when competing against the 

highly provocative opponent versus the less provocative opponent [consistent with 33]. Although both groups were 

impacted by provocation, punishment selection responses were substantially reduced (less harsh) under high 

provocation for the extended-intervention group. In other words, the extended-intervention group showed reduced 

retaliatory behavior when placed in a provocative social context. This result suggests that the psychosocial intervention 

was effective in reducing inter-personal aggressive behavior, and is consistent with other reports of decreased 

externalizing symptoms following psychosocial intervention [for a review see 60]. Interestingly, harsher punishment 

selections by minimal-intervention participants appeared to index a reactive response (and not a proactive or unprovoked 

response) to the social environment because initial punishment selections not differ between the two groups. These 

punishment selection responses were arguably not due to underlying differences in inhibitory control, as no differences 

emerged between the two groups on the Go/No-go task.  

A complementary explanation for larger punishment selections in the minimal-intervention group is that 

minimal-intervention participants relied on a more immature decision making strategy. Previous work from our lab 

demonstrated that younger adolescents (10-12 years) selected harsher average punishments than older adolescents (14-

16 years), even though initial punishment selections did not differ between the two age groups [3]. In the current study, 

the behavior of at-risk adolescents who were new to the intervention mirrors that of early adolescents in our previous 

study, despite the minimal-intervention and extended-intervention groups being tightly matched for age here.  

 

Decision Phase 

In addition to measuring changes in behavior, we measured the LPP during the Decision Phase of the task. 

Confirming our hypothesis, the minimal-intervention group showed an enhanced (more positive) LPP under high 

provocation versus low provocation. By contrast, provocation did not affect LPP amplitudes for extended-intervention 

participants. The LPP is typically larger (more positive) for arousing stimuli, and is argued to index sustained processing 
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of arousing information [61,62,51,63]. In this manner, our results suggest that the socially provocative nature of the task 

was more emotionally arousing for minimal-intervention participants. This heightened emotional arousal may explain 

minimal-intervention participants’ harsher punishment choices. These findings resonate with our previous work 

showing that LPP amplitudes are altered by provocation in younger, but not older, adolescents [3]. Hence, the LPP data 

reported here suggest immature decision making abilities in the minimal-intervention participants.  

 

Outcome Phase 

During the Outcome Phase of the task, the FRN and P3 components were analyzed to help reveal whether 

participation in a psychosocial intervention improves young people’s responses to feedback information. Our data were 

consistent with the notion that the FRN indexes emotional appraisal of outcome stimuli, as the FRN is typically larger 

(more negative) following bad outcomes [64-66]. For both groups of participants, we observed an enhanced FRN 

following loss outcomes versus win outcomes, as hypothesized. Further, we obtained preliminary evidence that 

psychosocial intervention is associated with altered feedback processing. Specifically, FRN amplitudes were reduced 

(less negative) in minimal-intervention participants compared with extended-intervention participants, suggesting that 

the minimal-intervention group was physiologically hypo-sensitive to feedback. The fact that the FRN was significantly 

larger in the extended-intervention group suggests the possibility that feedback processing (at least as reflected by this 

measure) may be improved or normalized following intervention. As reviewed above, a number of studies indicate that 

externalizing adolescents are deficient in processing feedback information [for example, 67] and show reduced FRN 

amplitudes [30,31]. By contrast, the FRN did not differ between groups of violent versus non-violent adult men in a 

study by Wiswede et al. [50]. The current data therefore support and extend previous research with young people, by 

demonstrating that at-risk adolescents who have not yet received psychosocial intervention show reduced FRN 

amplitudes compared with those who have engaged in the intervention. 

The finding that the FRN differed between the minimal-intervention and extended-intervention groups 

suggests that this ERP component may be a useful biomarker of psychosocial intervention. A number of existing studies 

have used the FRN (or variations of it) to assess numerous intervention styles, including mindfulness [68,69], and 

cognitive behavioural therapy [70]. The FRN has been used to track intervention-related change in populations including 

adults with attention deficit hyperactivity disorder [69], children and young adults with generalized or social anxiety 

disorders [70], adolescents with dyslexia [71] and healthy adults [68]. Our study therefore extends the utility of the FRN 

to at-risk adolescent populations, and to community-based psychosocial interventions.  

In our study, neither FRN nor P3 amplitudes were sensitive to provocation. Previous research investigating 

whether FRN amplitudes are impacted by provocation is mixed. Krämer et al. [33] report that FRN amplitudes in adult 

participants are not modulated by provocation whereas we found reduced FRN amplitudes during high provocation in 



 15 

typically-developing adolescents [3]. Outside of the TAP task, research investigating the FRN’s sensitivity to feedback 

magnitude is also inconsistent [65,66,72,43]. Further research is clearly needed to uncover the conditions under which 

the FRN and the P3 are sensitive to subtle variations in the nature of the feedback provided. 

 Following previous research, the P3 component was larger (more positive) for win outcomes compared with 

loss outcomes [39-43]. Of greater interest was the interaction between outcome (win versus loss) and group. The 

difference between win and loss outcomes was much smaller for the minimal-intervention group, compared with the 

extended-intervention group, suggesting hypo-sensitivity in the minimal-intervention participants. This hypo-sensitivity 

to reward can be linked to prior work, which argues that reward processing is deficient in young people with antisocial 

behavior [for example, 22,27,21]. In a novel contribution to the literature, our current data suggests that neural hypo-

sensitivity in at-risk adolescents may be overcome using psychosocial intervention.  

As well as physiological hypo-sensitivity to outcome stimuli, the current data revealed that P3 amplitudes were 

generally smaller in the minimal-intervention group. Reduced P3 amplitudes have been linked to psychopathologies 

including externalizing disorders, depression, schizophrenia and dependency disorders [34,36-38,73]. For example, 

reduced P3 amplitudes have been observed in impulsively violent adults [74] and maturation of the P3 is impaired in 

young males with conduct problems [35]. Longitudinal data indicate that small P3 amplitudes in childhood are 

predictive of substance abuse [38] and criminality in adulthood [36]. Interestingly, previous studies show that P3 

amplitudes can be normalized through psychological intervention in various patient populations (including adults with 

depression, cognitive impairment and Tic disorders) [75-77]. The cross-sectional design of our study limits us from 

drawing such strong conclusions about the role of the P3. However, the finding that P3 amplitudes were larger in at-

risk adolescents who had received extensive psychosocial intervention may suggest that P3 amplitudes (and the 

underlying processes that the P3 indexes) are not fixed but can be altered via therapeutic intervention in at-risk 

adolescents. Longitudinal work will be required to substantiate this possibility.  

 

Limitations  

Although the current study makes a useful contribution to the literature, a number of limitations must be 

acknowledged. The study was designed as a ‘proof of principle’ analysis of psychosocial intervention in at-risk 

adolescents. Therefore, we would stress that no claims of causality should be drawn from this work. Longitudinal 

research and randomized controlled trials are essential for causal arguments to be made regarding intervention-related 

change in decision making and feedback processing. The cross-sectional nature of the study means participants were 

not randomly allocated to treatment groups, so it is possible that pre-existing group differences – rather than the 

intervention per se – were responsible for the obtained pattern of results. Further longitudinal work and randomized 

interventions will be vital to validate the findings from the current study. A further point of note is that at-risk 



 16 

adolescents are not a homogenous group and are not definable by psychiatric diagnostic criteria. Instead, the sample 

reported here reflects a population with a broad range of needs. This aspect of the study is both a strength and a 

weakness. On the one hand, the problems facing at-risk youth may be contextually-specific, such that research with one 

group of at-risk adolescents may not translate to another environment. On the other hand, however, community studies 

into disadvantaged youth are uncommon [but see 5], and more research of this nature is needed to help understand and 

improve outcomes in this sector of society. This is particularly true given that adolescent mental health services often 

cater for clients with diverse social and psychological needs, who cannot be strictly classified using psychiatric 

diagnostic manuals. Finally, all participants were male and it is unclear whether the results would equally apply to 

female participants. Additional research that specifically includes adolescent girls will be helpful to understand whether 

the current findings are gender specific.  

 

Further Comments 

Our study investigated the in decision making and feedback processing associated with psychosocial 

intervention in at-risk adolescents. The findings also speak, pragmatically, to the way in which intervention-based 

research on social processing and decision making should be conducted with at-risk young people. Through the use of 

an engaging, realistic task, we were able to collect high-quality data from adolescents who are often difficult to engage 

in research. Future work should therefore continue to develop tasks that young people find enjoyable, but which also 

probe cognitive functions of interest. An additional pragmatic consideration to emerge from this study is that ERP 

measures appear to be sensitive enough to highlight intervention-related group differences. This study therefore 

contributes to the small literature showing that EEG can help characterize the mechanisms associated with therapeutic 

change in hard-to-reach populations [16,18]. We specifically employed a portable EEG system, which enabled data 

collection to occur in community centres that were familiar to participants, and potentially increased engagement in the 

study. 

In summary, here we report the first brain-based investigation of decision making and feedback processing in 

adolescents exposed to multiple social disadvantages. Collectively, the data suggest that performance on a competitive 

social task may be improved as a result of engagement in psychosocial intervention, and that such a hypothesis warrants 

fully randomized controlled trials. Group differences were observed for a number of processes including emotional 

reactivity during the Decision Phase (as indexed by the LPP), feedback processing (as indexed by the FRN) and reward 

sensitivity (as indexed by the P3), suggesting that the psychosocial intervention may had numerous psychological and 

interpersonal benefits. These data have the potential to enhance the development and evaluation of psychological 

interventions in at-risk young people. 
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