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Key Points
Question: Is co-occurring conduct disorder and childhood mild traumatic brain injury associated with unique disruption to reward-related neurocircuitry?
Findings: In this population-based cohort study, children with co-occurring conduct disorder and mild traumatic brain injury showed increased left amygdala activation during reward receipt compared to children with conduct disorder only, a mild traumatic brain injury only, or typically developing children. 
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Meaning: Activation of the left amygdala may reflect an enhanced appetitive value of monetary reward and a positively valanced emotional hyperresponsivity to such outcomes in children with conduct disorder and a history of mild traumatic brain injury.
Abstract
Importance: Children with conduct disorder and a history of head injury may be at a greater risk for maladaptive outcomes including adolescent delinquency (i.e. antisocial behavior, crime, and substance use). However, it is not yet known whether disruption to reward-related neural mechanisms is a characteristic of this population and which could explain such outcomes. 
Objective: This study examined whether co-occurring conduct disorder and childhood mild traumatic brain injury is associated with unique disruption to reward-related neurocircuitry.
Design: This was a cohort study.
Setting: A population-based study of children enrolled in the Adolescent Brain Cognitive Development (ABCD) Study. 
Participants: A population-based sample of children aged 9 – 10 with conduct disorder (CD, N = 588), a reported mild traumatic brain injury (mTBI, N = 1216), both (mTBI+CD, N = 252), and typically developing children (TD, N = 705) enrolled in the ABCD study.
Exposures: Whether children had conduct disorder, a reported history of mild traumatic brain injury, both, or typically developing. 
Main Outcomes and Measures: Neural activation during reward anticipation and receipt was assessed using the monetary incentive delay task for six regions of interest (ROIs): amygdala, nucleus accumbens, caudal anterior cingulate cortex (ACC), rostral ACC, medial orbitofrontal cortex, and caudate nucleus.
Results: Children in the mTBI+CD group displayed significantly higher left amygdala activation during reward receipt compared to all other groups. Relative to the TD group, the CD group displayed significantly higher right rostral ACC and caudate activation whilst the CD and mTBI groups displayed significantly higher bilateral medial orbitofrontal cortex activation. Groups did not differ in neural activation to reward anticipation in any of the ROIs.
Conclusions and Relevance: Increased left amygdala activation in children with conduct disorder and a history of mild traumatic brain injury may reflect an enhanced appetitive value of positive outcomes and a positively valanced emotional hyperresponsivity to monetary reward. This finding could begin to explain why children with conduct disorder and a history of mild traumatic brain injury are at a greater risk for subsequent delinquent behavior. 
Introduction
Conduct disorder (CD) is a prevalent neurodevelopmental disorder linked to numerous maladaptive outcomes across the lifespan1 including adolescent delinquency (i.e., criminality, substance use, and antisocial behavior).2 This itself is associated with harmful social, emotional, and behavioral outcomes.3,4 Notably, similar outcomes are associated with a history of childhood mild traumatic brain injury (mTBI).5 This can be defined as any impact to the head, often accompanied by a loss of consciousness or amnesia lasting up to 30 minutes post-injury and differs from moderate to severe TBI, which typically involves prolonged post-injury deficits (i.e., a loss of consciousness for greater than 24 hours) and can lead to long-term health problems 6,7. Whilst mTBI has a greater prevalence (~ 75% of reported head injuries in the US),8,9 paradoxically, it is less reported in the literature compared to moderate to severe TBI. Further investigation of mTBI specifically and its associated outcomes is therefore necessary. Importantly, CD and mTBI may not be independent constructs. In fact, the literature suggests that CD may increases the risk of mTBI10 and vice versa,11 with a bidirectional association between the two also identified within a single model.12 As such, their co-occurrence could hypothetically increase the risk of later outcomes such as a greater risk for adolescent delinquency (in comparison to their isolated occurrence).13 It is therefore paramount to investigate how they may present with a greater risk for delinquency when co-occurring. 
One explanation for an increased risk of maladaptive outcomes following co-occurring CD and mTBI relates to underlying neural mechanisms of reward processing associated with both. Reward is processed by a highly connected system of cortical and subcortical regions,14 including the amygdala, anterior cingulate cortex (ACC) and orbitofrontal cortex (OFC). Disrupted functioning in these regions in response to reward has been linked with CD,1 mTBI,15 and to an increased risk of delinquency.16 Thus, one may hypothesize that co-occurring CD and childhood mTBI may be associated with greater disrupted functionality of these regions and thus a subsequent increased risk for delinquency.
To date, conflicting evidence from studies link neural activation in various brain regions during reward-processing to CD specifically.17,18 For example, some studies have shown increased right dorsal caudate activation and decreased activation in the dorsal ACC and dorso-medial prefrontal cortex,17 whilst other studies have shown decreased activation in the bilateral amygdala.18 More recent evidence suggests that CD is uniquely linked with the reward anticipation and reward receipt aspects of reward processing.19 Reward anticipation refers to the willingness to expend effort to gain reward whilst reward receipt refers to the hedonic processing for receiving the reward. Using baseline data from the ABCD study at ages 9 – 10, Hawes and colleagues (2021) found that children with Disruptive Behavior Disorders (DBDs, i.e., either Oppositional Defiant Disorder or CD) showed hypoactivation in the dorsal ACC during reward anticipation. However, during reward receipt, they found significantly increased activation in cortical (i.e., dorsal ACC) and subcortical (i.e., nucleus accumbens) regions. Whilst these findings stress the need to investigate reward anticipation and receipt separately among children with CD, no study has yet also considered the role of mTBI. 
Less clear are the neural underpinnings of reward anticipation and reward receipt associated with childhood mTBI. Whilst research including children with mild to severe TBI identified disrupted connectivity between corticostriatal networks during a monetary reward paradigm,20 the majority of the literature relies on adult populations. For example, one study reported inferior performance on a behavioral paradigm involving monetary feedback and increased striatal activation during feedback presentation in adults with moderate to severe TBI compared to healthy controls.21 Importantly, no published research to date has investigated the interplay between childhood mTBI, CD, and neural activation to reward nor, and more specifically, during the anticipation and receipt of reward. Due to the potential co-occurrence of CD and mTBI and a subsequent increased risk for delinquency, it is paramount that this avenue is explored further. Utilising baseline data from the Adolescent Brain Cognition Development (ABCD) study, the present study aims to identify the reward-related neurocircuitry related to children with both CD and mTBI. More importantly, this study aims to identify if disrupted reward-related activation is more pronounced in children with CD and mTBI. 
 
Method
Participants
The population-based cohort study used data obtained from the ABCD study (https://data-archive.nimh.nih.gov/abcd), which recruited 11 874 healthy children aged between 9 and 11 years at 21 research sites across the United States (US). Participants were recruited from primary schools via probability sampling within the 21 catchment areas. Various schools were identified to reflect the sociodemographic diversity of the US population and study materials were disseminated to them.22 Institutional review boards at the 21 participating universities had approved all study procedures. Written consent was provided by both study participants (assent) and their legal parent or guardian (consent). Ethical approval to conduct this secondary analysis was provided by the University of Southampton Ethics Committee (ID 62100). We adhered to the Strengthening the Reporting of Observational Studies in Epidemiology (STROBE) reporting guideline.
Exclusion criteria included inadequate performance on the monetary incentive delay (MID) task (indicated by a performance flag), incomplete data for the conduct disorder and head injury variables, and not meeting the criteria for one of four analytical groups (having conduct disorder, a mild traumatic brain injury, both, or typically developing, as described below). This resulted in an analytical sample of 2761 participants (1245 female [45.1%] and 1471 [53.3%] White). See eFigure in Supplement. 

Measures
Conduct Disorder
CD was assessed using computerized versions of the Child Behavior Checklist (CBCL) DSM-orientated Conduct Problems Scale23 and The Kiddie Schedule for Affective Disorders and Schizophrenia for school-aged children (K-SADS-PL DSM-5).24 The CBCL comprises 17 items rated from 0 (not true) to 2 (very true or often true), which together produce a T-score ranging from 50 to 100. A T-score of 65 or above indicates borderline and clinical ranges of conduct disorder. K-SADS-PL DSM-5 generates a CD diagnosis based on DSM-5 diagnostic criteria. CD was evident if participants had a T-score >=65 or a CD diagnosis as ascertained by K-SADS-PL DSM-5.
Mild Traumatic Brain Injury
Head injury status was determined by the Modified Ohio State Traumatic Brain Injury (TBI) Screen (short version).25 Parents reported if their child had ever sustained a TBI. These were classified as an improbable (without loss of consciousness or memory loss), possible mild (memory loss but no loss of consciousness), mild (loss of consciousness less than 30 minutes), moderate (loss of consciousness from 30 minutes to 24 hours), or a severe TBI (loss of consciousness greater than 24 hours). A binary variable was created (1 = mTBI, 0 = no head injury) where a mTBI included an improbable to mild TBI (i.e., a TBI with a loss of consciousness < 30 minutes). Those with a reported moderate or severe TBI (N=7) were excluded from analysis.
Group Classification
Participants were assigned to one of four groups based on their CD and mTBI history reported at baseline (age 9 – 10). The CD group consisted of children with a diagnosis or clinical levels of CD (CBCL T-score >=65) but no reported history of head injury (N = 596). The mTBI group consisted of children with a reported history of mTBI but no diagnosis or clinical levels of CD (CBCL T-score = 50) (mTBI, N = 1214). The co-occurring group consisted of children with a reported history of mTBI and a diagnosis or clinical levels of CD (mTBI+CD, N = 253). Lastly, the typically developing group included those with a CBCL T-score of 50 across eight syndrome and six DSM-5 oriented scales and no reported history of sustaining a head injury (TD, N = 710).
Covariates
Several prenatal, child-level, and family-level covariates were included in the statistical analysis due to their association with CD,1,26 head injuries,27 or reward-processing.28 See eMethods in Supplement for full details.
Monetary Incentive Delay Task
A version of the MID29 task was used to measure neural activation during reward anticipation and reward receipt (Figure 1).30 The task includes three trial conditions with five trial types: win (+$0.20 or +$5), loss (-$0.20 or -$5), or neutral (+/-$0). Each is associated with a specific incentive cue (a pink circle, yellow square, or blue triangle, respectively). For each trial, participants saw one of these cues on the screen for 2000 ms followed by 1500–4000 ms of jittered anticipatory delay (a fixation cross). A black target the same shape as the cue then appeared on the screen for 150 – 500 ms and participants had to respond as quickly as possible to the target by pressing a button. Successfully pressing the button when the target was on the screen resulted in either winning money (win trial), avoiding losing money (loss trial), or neither winning nor losing money (neutral trial). If participants responded too fast or slow (i.e., before or after the target appeared on the screen) they did not win money (win trial), they lost money (loss trial), or they neither won nor lost money (neutral trial). This feedback was presented to participants after each trial. To ensure all participants maintained a 60% accuracy rate on this paradigm, the MID individualizes the difficulty by adjusting target duration based on the overall accuracy rate of the six previous trials. If participants accuracy was below 60%, the target duration was increased, if their accuracy was above 60%, the target duration was shortened. Participants completed two runs of the task each consisting of 50 contiguous trials (20 reward trials, 20 loss trials, and 10 neutral trials) presented in pseudorandom order and lasting approximately 5.5 minutes.  
Image Preprocessing 
Functional magnetic resonance imaging data from the 21 study sites was harmonized across three 3T scanner platforms (Siemens Prisma, Philips, General Electric 750).30 Centralized processing, quality control, and analysis of the raw imaging data were performed by the ABCD Data Analysis Informatics and Resource Centre (DAIRC).31 FreeSurfer v5.3 32 was used to create cortical surface reconstruction and subcortical segmentation for the regions of interest. We used beta coefficients available in the ABCD data release (version 4.0) for task-related Blood Oxygen Level Dependent (BOLD) activation during the MID task. These beta coefficients were derived from estimates for the task-related BOLD activation strength computed at the subject level using a general linear model (GLM). They represent the average of the beta coefficients for each of the two MID task runs. We focused on two specific contrasts available in the data release and used in the previous literature:19 a) reward anticipation: anticipation of large reward versus no incentive, and b) reward receipt: reward receipt versus missed reward. 
Regions of Interest
Six regions of interest (ROIs) were selected due to their known associations with both reward-processing and either conduct problems or head injuries:15,17,19 amygdala, nucleus accumbens (NAcc), caudal ACC, rostral ACC, medial OFC, and caudate nucleus (Figure 2).
Statistical Analysis
All analyses were conducted in Mplus, version 7.4.33 Any missing data for the covariates and the beta coefficients for the MID task were accounted for using maximum likelihood estimation with robust standard errors (MLR) and a Monte Carlo numerical integration algorithm. Complex sampling of the dataset was accounted for by using a cluster correction for sibling pairs and stratification of study site in Mplus (TYPE = COMPLEX). 
Multinomial logistic regression was used to identify activation differences in six ROIs for reward anticipation and receipt during the MID task (as measured by the beta coefficients) between the following groups: 1) mTBI+CD versus typically developing children, 2) CD versus typically developing children, 3) mTBI versus typically developing children, 4) mTBI+CD versus CD, 5) mTBI+CD versus mTBI, and 6) CD versus mTBI. The statistical significance for all regression models was set at a p-value < .05 after applying a false discovery rate (FDR) correction for multiple comparison using the Benjamini-Hochberg procedure.34

Results
Descriptive statistics can be seen in Table 1. As expected, there were some significant group differences on most covariates controlled for in the regression models. Children in the mTBI+CD group reported significantly milder TBI’s and significantly less improbable TBI’s compared to children in the mTBI group. Children in the CD group displayed significantly lower total earnings and a slower mean reaction time on the MID task compared to children in the mTBI and mTBI+CD groups. No other significant differences were identified between the groups. 
Reward Anticipation
The results of the multinomial logistic regression models for reward anticipation can be seen in Table 2 (full Mplus output can be found on OSF: https://osf.io/h4uzg/). No significant differences in activations across ROIs during reward anticipation across the four groups were found. 
Reward Receipt
The results from the multinomial logistic regression models for reward receipt are presented in Table 3 (full Mplus output can be found on OSF: https://osf.io/h4uzg/). Children in the mTBI+CD group showed increased activation in the left amygdala compared to all other groups as well as increased activation in the bilateral caudal ACC compared to the TD and mTBI groups, and bilateral rostral ACC, medial OFC, and caudate compared to TD (all pFDR values <.05). In addition, children in the CD and mTBI groups showed increased activation in the bilateral medial OFC, whilst the children in the CD group showed further increased activation in the right rostral ACC and caudate compared to the TD group (see Table 3). 

Discussion
This study investigated whether having CD and a childhood mTBI is associated with greater changes in neural functioning during reward processing compared to their effects in isolation (i.e., CD only or a mTBI only). We found no significant group differences in neural activations during reward anticipation, but significantly higher neural activation for children with co-occurring mTBI and CD during reward receipt.
Consistent with our hypothesis, and developing from previous research,19 this study identified increased activation in the left amygdala during reward receipt in children with CD and co-occurring mTBI (mTBI+CD group) compared to all other groups. The left amygdala has been associated with emotion processing, emotional salience35 and attributing stimuli with their emotional value.36 Increased activation in the amygdala may thus highlight enhanced appetitive value of positive outcomes, such as the receipt of a monetary reward. This finding may indicate why those with co-occurring mTBI and CD display an increased risk in engaging in delinquent behavior.13 That is, the receipt of such a reward may reflect an emotional hyperresponsivity in these children, which may manifest in a reward-orientated behavioral style to increase further positive rewards (e.g., via stealing). 
Our findings partially align with previous research showing increased amygdala activation in children with DBDs,19 but neither considered DBDs separately, nor controlled for head injuries.12,37 This specificity could elucidate a potential reason for the diversity in previous results based on heterogeneity within conduct disorder samples. Based on the rather large ABCD sample of our investigation, we were able to show that only when CD co-occurs alongside mTBI does there seem to be increased activity in both cortical and subcortical brain regions during reward receipt. We therefore urge for further research to disentangle the neural correlates associated with the CD and oppositional defiant disorder in order to identify their unique neural functioning during reward processing,17-19 whilst also accounting for the potential influence of head injury history. 
In contrast, all three clinical groups (mTBI+CD, CD, and mTBI) displayed increased medial OFC activation during reward receipt compared to typically developing children, suggesting heightened attention to the outcome value of preferential monetary reward in both children with CD and/or a history of mTBI. As the clinical groups here did not differ from each other, this activation seems to be less specific to the conditions separately or combined. 
Whilst children in the mTBI group showed increased activation of the medial OFC, they showed no significantly increased activation of the ACC or caudate nucleus. Instead, we found increased activation only when mTBI was accompanied by co-occurring CD (mTBI+CD) and no significant differences between activations for the right rostral ACC or caudate nucleus in these children compared to the CD group. This suggests activation of the ACC and caudate nucleus during reward receipt is associated with CD and not necessarily with sustaining a head injury. The ACC is argued to be associated with reward-based learning38 and the caudate nucleus with the evaluation of action-outcome contingencies related to goal-directed behavior.39 With both highly connected to the OFC, these findings indicate that children with CD may display a greater attention to monetary value in reward-based contexts. 
We found no significant differences between the four groups during reward anticipation. Interestingly, we note a handful of comparisons did produce medium odds ratios (largely in the mTBI+CD vs TD and mTBI+CD vs CD comparisons) with confidence intervals suggestive of significant odds. However, we are mindful of multiple comparisons and the inflated risk of Type I error. As such, after applying the FDR correction to best balance the trade-off between Type I and Type II error, we suggest that early childhood CD and/or mTBI is not associated with neural correlates of reward anticipation. Whilst previous studies found significantly decreased activation in individuals with DBDs19 they did not control for the influence of highly co-morbid ADHD which has been associated with reward anticipation.40 We thus emphasize that conduct disorder may not be associated with altered neural activation during reward anticipation. Rather, those previously identified may be attributed to other disorders, such as ADHD which can often present alongside CD.
Strengths and limitations
We note that the large sample and the analysis design, which controls for ADHD alongside several relevant covariates across the child and family levels are strengths of our research. However, we note several limitations of the current study. A cross-sectional methodology can allow us to only assume correlational relationships from our findings and cannot identify developmental changes in reward-related neurocircuitry related to CD or mTBI. Future research could utilize further waves of ABCD data, which will also enable the inclusion of children with adolescent-onset CD, older than our current sample. Finally, the MID task restricts our findings to monetary reward. To identify if these neurological pathways are similar across various reward subtypes, a comparable research framework should be applied to other paradigms, for example, social reward. 
Conclusions
Overall, we found novel evidence that furthers our understanding of the neural correlates associated with children with a history of co-occurring CD and mTBI. That is, this group was characterized by increased activation in the left amygdala during reward receipt. This activation was significantly greater than that of all other groups, including typically developing children and, importantly, children with CD or mTBI alone, which suggests an enhanced appetitive value of positive outcomes and ultimately an emotional hyperresponsivity to monetary reward in children with co-occurring CD and mTBI. This finding could be an important first step in understanding how their co-occurrence could be associated with a greater risk for maladaptive outcomes (i.e., delinquency).
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Figure Legend

Figure 1. Outline of the monetary incentive delay task for each of the five trial types
This figure highlights how to the timeline of the monetary incentive delay task as utilized within the ABCD study, broken down by the five trial types. 

Figure 2. Six regions of interest used to investigate reward anticipation and reward receipt in children with a history of conduct disorder and/or mild traumatic brain injury.
This figure shows the anatomical locations of the six regions of interest (ROI’s) as viewed from a) sagittal (left), b) superior, c) inferior, d) anterior, and e) posterior viewpoints. 

Table 1. Descriptive Statistics for Groups
	
	Group

	
	mTBI+CD (N = 252)
	CD (N = 588)
	mTBI (N = 1216)
	TD (N = 705)

	
	M
	SD
	No. (%)
	M
	SD
	No. (%)
	M
	SD
	No. (%)
	M
	SD
	No. (%)

	Demographics
	
	
	
	
	
	
	
	
	
	
	
	

	Age
	9.95
	0.61
	NA
	9.92
	0.63
	NA
	9.97
	0.62
	NA
	9.95
	0.62
	NA

	Male Sex  
	NA
	NA
	179 (71.0)a,b,c
	NA
	NA
	342 (58.2)a,d
	NA
	NA
	680 (55.9)b,e
	NA
	NA
	315 (44.7)c,d,e

	Ethnicity
	NA
	NA
	
	NA
	NA
	
	NA
	NA
	
	NA
	NA
	

	 White
	NA
	NA
	114 (45.2)a
	NA
	NA
	257 (43.7)b
	NA
	NA
	810 (66.6)a,b,c
	NA
	NA
	290 (41.1)c

	 Black
	NA
	NA
	48 (19.0)a,b
	NA
	NA
	168 (28.6)a,c
	NA
	NA
	80 (6.6)b,c,d
	NA
	NA
	182 (25.8)d

	 Hispanic 
	NA
	NA
	44 (17.5)
	NA
	NA
	87 (14.8)a
	NA
	NA
	198 (16.3)
	NA
	NA
	143 (20.3)a

	 Asian
	NA
	NA
	4 (1.6)a
	NA
	NA
	2 (.30)b
	NA
	NA
	18 (1.5)c
	NA
	NA
	31 (4.4)a,b,c

	 Other 
	NA
	NA
	42 (16.7)a,b
	NA
	NA
	74 (12.6)
	NA
	NA
	110 (9.0)a
	NA
	NA
	59 (8.4)b

	
	
	
	
	
	
	
	
	
	
	
	
	

	Diagnostic Criteria (Conduct Disorder)
	
	
	
	
	
	
	
	
	
	
	
	

	CBCL CP Scale (T-score)
	68.29a,b
	6.05
	NA
	67.73c,d
	5.96
	NA
	50.0a,c
	0
	NA
	50.0b,d
	0
	NA

	K-SADS CD Diagnosis 
	NA
	NA
	103 (40.9)a,b
	NA
	NA
	253 (43.0)c,d
	NA
	NA
	0a,c
	NA
	NA
	0b,d

	
	
	
	
	
	
	
	
	
	
	
	
	

	Diagnostic Criteria (Head Injury)
	
	
	
	
	
	
	
	
	
	
	
	

	Improbable TBI
	NA
	NA
	189 (75.0)a,b,c
	NA
	NA
	0a,d
	NA
	NA
	1,001 (82.3)c,d,e
	NA
	NA
	0b,e

	Possible mild TBI 
	NA
	NA
	43 (17.1)a,b
	NA
	NA
	0a,c
	NA
	NA
	165 (13.6)c,d
	NA
	NA
	0b,d

	Mild TBI 
	NA
	NA
	20 (7.9)a,b,c
	NA
	NA
	0a,d
	NA
	NA
	50 (4.1)c,d,e
	NA
	NA
	0b,e

	
	
	
	
	
	
	
	
	
	
	
	
	

	Covariates
	
	
	
	
	
	
	
	
	
	
	
	

	Low birth weight 
	NA
	NA
	55 (21.9)
	NA
	NA
	135 (23.0)a
	NA
	NA
	206 (16.9)a,b
	NA
	NA
	160 (22.7)b

	Premature birth
	NA
	NA
	46 (18.3)
	NA
	NA
	112 (19.0)
	NA
	NA
	199 (16.4)
	NA
	NA
	111 (15.7)

	Smoking
	NA
	NA
	83 (32.8)a,b
	NA
	NA
	186 (31.7)c,d
	NA
	NA
	134 (11.0)a,c
	NA
	NA
	53 (7.5)b,d

	Alcohol
	NA
	NA
	95 (37.6)a
	NA
	NA
	175 (29.7)b
	NA
	NA
	360 (29.6)c
	NA
	NA
	103 (14.6)a,b,c

	ADHD (CBCL T-score)
	63.09a,b,c
	8.97
	NA
	60.97b,d,e
	8.20
	NA
	51.67c,d,f
	3.72
	NA
	50d,e,f
	0
	NA

	Internalizing (CBCL T-score)
	61.28a,b,c
	10.22
	NA
	58.12a,d,e
	10.77
	NA
	46.92b,d,f
	9.46
	NA
	33.97c,e,f
	1.73
	NA

	Low parental education
	NA
	NA
	38 (15.1)a,b,c
	NA
	NA
	140 (23.8)a,d
	NA
	NA
	94 (7.7)b,d,e
	NA
	NA
	154 (21.9)c,e

	Low household income
	NA
	NA
	116 (45.9)a,b
	NA
	NA
	318 (54.0)c,d
	NA
	NA
	214 (17.6)a,c,e
	NA
	NA
	222 (31.5)b,d,e

	Family conflict
	3.08a,b
	2.33
	
	2.85c,d
	2.16
	
	1.76a,c
	1.82
	
	1.77b,d
	1.80
	

	
	
	
	
	
	
	
	
	
	
	
	
	

	MID Performance
	
	
	
	
	
	
	
	
	
	
	
	

	Total earnings ($)
	19.90a
	13.22
	NA
	17.71a,b
	17.87
	NA
	20.77b
	13.29
	NA
	19.76
	15.51
	NA

	Mean reaction time (ms)
	313.83a
	58.79
	NA
	331.44a,b
	67.83
	NA
	313.69b
	55.77
	NA
	322.40
	64.64
	NA


Notes. a,b,c,d,e Matching superscript indicates significant differences between groups. No superscript indicates no significant differences. mTBI+CD = co-occurring mild traumatic brain injury and conduct disorder; CD = conduct disorder only; mTBI = mild traumatic brain injury only; TD = typically developing youth; CP = conduct problem; CBCL = Child Behavior Checklist; K-SADS = The Kiddie Schedule for Affective Disorders and Schizophrenia.




Table 2. Multinomial Regression Model Results Comparing Activation During Reward Anticipation across Groups
	
	Group Comparison

	
	CD vs TD
	mTBI vs TD
	mTBI+CD vs TD
	mTBI+CD vs CD
	mTBI+CD vs mTBI
	CD vs mTBI

	ROI
	OR
	95% CI
	pFDR
	OR
	95% CI
	pFDR
	OR 
	95% CI
	pFDR
	OR 
	95% CI
	pFDR
	OR 
	95% CI
	pFDR
	OR 
	95% CI
	pFDR

	Left hemisphere
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	Amygdala
	0.84
	0.43 - 1.66
	.792
	1.10
	0.64 - 1.90
	.835
	0.77
	0.67 - 1.60
	.678
	0.91
	0.59 - 1.42
	.807
	0.70
	0.41 - 1.19
	.401
	0.77
	0.48 - 1.22
	.480

	Nucleus accumbens
	1.8
	0.97 - 3.34
	.230
	1.78
	1.05 - 3.01
	.159
	3.22
	1.56 - 6.66
	.072
	1.79
	1.13 - 2.85
	.159
	1.81
	1.07 - 3.06
	.159
	1.01
	0.69 - 1.47
	.976

	Caudal ACC
	2.04
	0.90 - 4.60
	.269
	1.76
	0.90 - 3.44
	.282
	3.92
	1.57 - 9.80
	.072
	1.92
	1.11 - 3.34
	.159
	2.24
	1.12 - 4.45
	.159
	1.16
	0.67 - 2.03
	.780

	Rostral ACC
	1.32
	0.65 - 2.67
	.657
	1.41
	0.84 - 2.35
	.409
	2.13
	0.99 - 4.59
	.224
	1.61
	0.94 - 2.76
	.262
	1.51
	0.83 - 2.78
	.401
	0.94
	0.55 - 1.60
	.877

	Medial orbitofrontal cortex
	0.96
	0.69 - 1.34
	.872
	0.98
	0.78 - 1.23
	.903
	1.31
	0.89 - 1.93
	.398
	1.37
	1.04 - 1.81
	.159
	1.34
	0.97 - 1.86
	.261
	0.98
	0.75 - 1.27
	.912

	Caudate
	1.27
	0.62 - 2.62
	.715
	1.27
	0.72 - 2.23
	.654
	1.92
	0.81 - 4.54
	.357
	1.51
	0.84 - 2.73
	.475
	1.51
	0.75 - 3.04
	.401
	1.00
	0.59 - 1.70
	.990

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	Right hemisphere
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	Amygdala
	0.81
	0.41 - 1.57
	.715
	0.90
	0.53 - 1.53
	.809
	0.82
	.38 - 1.81
	.792
	1.02
	.60 - 1.75
	.963
	0.91
	.50 - 1.68
	.869
	0.89
	.56 - 1.44
	.793

	Nucleus accumbens
	1.85
	1.02 - 3.36
	.198
	1.62
	0.99 - 2.65
	.224
	3.13
	1.53 - 6.41
	.072
	1.69
	1.03 - 2.79
	.187
	1.93
	1.11 - 3.36
	.159
	1.14
	0.79 - 1.65
	.678

	Caudal ACC
	1.48
	0.67 - 3.30
	.571
	1.31
	0.68 - 2.52
	.654
	2.41
	0.96 - 6.05
	.230
	1.62
	0.87 - 3.03
	.344
	1.84
	0.90 - 3.78
	.273
	1.14
	0.65 - 2.00
	.793

	Rostral ACC
	1.34
	0.65 - 2.75
	.654
	1.08
	0.60 - 1.93
	.872
	2.48
	1.09 - 5.66
	.159
	1.85
	1.06 - 3.23
	.159
	2.3
	1.22 - 4.34
	.159
	1.24
	0.75 - 2.05
	.648

	Medial orbitofrontal cortex
	0.80
	0.58 - 1.09
	.385
	0.92
	0.74 - 1.15
	.666
	1.12
	0.76 - 1.64
	.749
	1.41
	1.06 - 1.86
	.159
	1.22
	0.87 - 1.72
	.480
	0.87
	0.66 - 1.14
	.522

	Caudate
	1.59
	0.78 - 3.24
	.422
	1.42
	0.81 - 2.49
	.456
	2.06
	0.88 - 4.83
	.273
	1.30
	0.72 - 2.34
	.640
	1.46
	0.74 - 2.88
	.502
	1.12
	0.68 - 1.86
	.793


Note. mTBI+CD = co-occurring mild traumatic brain injury and conduct disorder; CD = conduct disorder only; mTBI = mild traumatic brain injury only; TD = typically developing youth; pFDR = adjusted p-value following 5% FDR correction; OR = odds ratio; ACC = anterior cingulate cortex.





















Table 3. Multinomial Regression Model Results Comparing Activation During Reward Receipt across Groups
	
	Group Comparisons

	
	CD vs TD
	mTBI vs TD
	mTBI+CD vs TD
	mTBI+CD vs CD
	mTBI+CD vs mTBI
	CD vs mTBI

	ROI
	OR
	95% CI
	pFDR
	OR
	95% CI
	pFDR
	OR
	95% CI
	pFDR
	OR
	95% CI
	pFDR
	OR
	95% CI
	pFDR
	OR
	95% CI
	pFDR

	Left hemisphere
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	Amygdala
	1.36
	0.71 - 2.61
	.413
	1.08
	0.64 - 1.82
	.796
	2.65
	1.29 - 5.44
	.029
	1.95
	1.25 - 3.02
	.029
	2.46
	1.47 - 4.11
	.029
	1.26
	0.82 - 1.95
	.381

	Nucleus accumbens
	1.31
	0.75 - 2.28
	.413
	1.07
	0.67 - 1.72
	.796
	1.61
	0.88 - 2.97
	.209
	1.23
	0.84 - 1.81
	.372
	1.50
	0.98 - 2.30
	.131
	1.22
	0.86 - 1.73
	.361

	Caudal ACC
	2.31
	0.99 - 5.39
	.117
	1.63
	0.84 - 3.17
	.238
	4.03
	1.61 - 10.12
	.029
	1.75
	1.01 - 3.03
	.109
	2.48
	1.28 - 4.79
	.029
	1.42
	0.83 - 2.44
	.294

	Rostral ACC
	2.18
	1.13 - 4.18
	.069
	1.64
	0.98 - 2.74
	.131
	2.72
	1.30 - 5.69
	.029
	1.25
	0.78 - 2.01
	.413
	1.66
	0.93 - 2.96
	.163
	1.33
	0.83 - 2.12
	.326

	Medial orbitofrontal cortex
	1.73
	1.17 - 2.54
	.029
	1.65
	1.23 - 2.22
	.029
	1.93
	1.27 - 2.92
	.029
	1.12
	0.88 - 1.42
	.429
	1.17
	0.85 - 1.60
	.413
	1.05
	0.80 - 1.37
	.795

	Caudate
	2.18
	1.05 - 4.50
	.093
	1.61
	0.86 - 3.01
	.226
	3.03
	1.36 - 6.73
	.029
	1.39
	0.87 - 2.22
	.254
	1.88
	1.10 - 3.22
	.069
	1.36
	0.89 - 2.06
	.239

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	Right hemisphere
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	Amygdala
	1.58
	0.85 - 2.91
	.234
	0.98
	0.59 - 1.61
	.924
	1.98
	1.03 - 3.79
	.096
	1.25
	0.84 - 1.88
	.361
	2.03
	1.25 - 3.29
	.029
	1.62
	1.05 - 2.48
	.080

	Nucleus accumbens
	1.46
	0.81 - 2.64
	.294
	0.94
	0.59 - 1.50
	.796
	1.73
	0.88 - 3.38
	.193
	1.18
	0.77 - 1.81
	.496
	1.85
	1.09 - 3.12
	.069
	1.56
	1.03 - 2.37
	.093

	Caudal ACC
	2.11
	0.89 - 4.99
	.167
	1.38
	0.70 - 2.73
	.413
	3.67
	1.49 - 9.04
	.029
	1.74
	1.07 - 2.81
	.072
	2.66
	1.44 - 4.90
	.029
	1.53
	0.89 - 2.62
	.207

	Rostral ACC
	2.72
	1.36 - 5.45
	.029
	1.79
	1.03 - 3.12
	.096
	2.93
	1.36 - 6.32
	.029
	1.08
	0.68 - 1.70
	.795
	1.64
	0.91 - 2.95
	.185
	1.52
	0.92 - 2.49
	.183

	Medial orbitofrontal cortex
	1.76
	1.16 - 2.69
	.029
	1.56
	1.14 - 2.15
	.029
	1.93
	1.22 - 3.06
	.029
	1.09
	0.86 - 1.40
	.514
	1.24
	0.86 - 1.77
	.346
	1.13
	0.83 - 1.53
	.492

	Caudate
	2.76
	1.30 - 5.85
	.029
	1.81
	0.95 - 3.43
	.144
	3.55
	1.52 - 8.28
	.029
	1.29
	0.77 - 2.16
	.413
	1.97
	1.09 - 3.56
	.072
	1.53
	0.97 - 2.39
	.136


Note. Values in bold are significant after 5% FDR correction (pFDR <.05). mTBI+CD = co-occurring mild traumatic brain injury and conduct disorder; CD = conduct disorder only; mTBI = mild traumatic brain injury only; TD = typically developing youth; pFDR = adjusted p-value following 5% FDR correction; OR = odds ratio; ACC = anterior cingulate cortex. 
