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Objective: The present study aimed to develop and evaluate a Bayesian network 

model for predicting youth substance use risk based on trauma exposure, reward 

sensitivity, peer pressure, sleep instability, and psychological inflexibility among 

adolescents and emerging adults in the United States. 

Methods and Materials: This study employed a cross-sectional predictive 

modeling design using Bayesian probabilistic network analysis. The statistical 

population consisted of adolescents and emerging adults aged 15 to 22 years from 

educational institutions in the United States, from whom 1,248 participants were 

selected through multistage stratified sampling. Data were collected using the 

Substance Use Risk Profile Scale, Childhood Trauma Questionnaire-Short Form, 

Behavioral Activation System Scale, Peer Pressure Inventory, Sleep Condition 

Indicator, and Acceptance and Action Questionnaire-II. Data analysis was 

conducted using SPSS version 29 and Python 3.11. Bayesian network structure 

learning was implemented using the Hill-Climbing optimization algorithm with 

Bayesian Information Criterion scoring. Predictive performance was evaluated 

using classification accuracy, precision, recall, F1-score, sensitivity, specificity, 

and area under the receiver operating characteristic curve. 

Findings: The findings demonstrated significant positive relationships among 

trauma exposure, reward sensitivity, peer pressure, sleep instability, 

psychological inflexibility, and substance use risk. Psychological inflexibility 

showed the strongest correlation with substance use risk (r = .65, p < .01), 

followed by trauma exposure (r = .61, p < .01). The Bayesian network model 

demonstrated high predictive performance with a training accuracy of 89.41%, 

testing accuracy of 86.93%, and area under the curve value of 0.91. Sensitivity 

analysis indicated that psychological inflexibility represented the strongest 

predictor within the network structure, followed by trauma exposure, peer 

pressure, reward sensitivity, and sleep instability. The probabilistic network 

further revealed that trauma exposure functioned as a central upstream variable 

influencing psychological inflexibility, peer pressure susceptibility, and sleep 

instability pathways associated with elevated substance use vulnerability. 

Conclusion: The findings suggest that youth substance use vulnerability is 

shaped by a multidimensional network of emotional, cognitive, behavioral, and 

social risk mechanisms. Bayesian network modeling provided a powerful 

computational framework for identifying conditional dependency pathways 
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1. Introduction 

ubstance use among adolescents and emerging adults 

has become one of the most significant public health 

concerns worldwide due to its long-term psychological, 

behavioral, educational, and social consequences. The 

developmental period of adolescence is characterized by 

rapid neurobiological maturation, heightened emotional 

sensitivity, increased peer orientation, and experimentation 

with novel experiences, all of which contribute to elevated 

vulnerability toward risky behaviors and psychoactive 

substance use (Nath et al., 2022). Contemporary 

epidemiological findings indicate that substance 

experimentation often begins during middle and late 

adolescence and progressively develops into chronic 

maladaptive patterns if early risk mechanisms remain 

unidentified (Akunna & Lucyann, 2023). Youth substance 

use has been associated with impaired academic functioning, 

emotional dysregulation, psychiatric comorbidity, family 

dysfunction, violence exposure, and increased mortality risk, 

making it a major challenge for mental health systems and 

prevention science (Sarkingobir & Tukur, 2024). In recent 

years, scholars have increasingly emphasized that adolescent 

substance use cannot be adequately explained through 

single-variable approaches because addiction vulnerability 

emerges from complex interactions among biological, 

psychological, social, and environmental determinants 

(Belfiore et al., 2024). Consequently, multidimensional and 

computational frameworks capable of modeling 

probabilistic interdependencies among risk factors have 

become increasingly necessary. 

One of the most consistently identified predictors of 

adolescent substance use is trauma exposure and childhood 

adversity. Exposure to emotional neglect, physical abuse, 

violence, family instability, and chronic stress has been 

shown to alter emotional regulation systems, increase 

impulsive coping behaviors, and heighten vulnerability to 

addictive patterns during adolescence (Ramírez et al., 2025). 

Trauma-related developmental disruptions often contribute 

to maladaptive stress-response mechanisms that increase the 

likelihood of using psychoactive substances as emotional 

escape strategies or self-regulatory tools (Powell, 2021). 

Research has demonstrated that adolescents with histories of 

adverse experiences exhibit significantly higher rates of 

alcohol misuse, cannabis consumption, nicotine 

dependence, and polysubstance experimentation compared 

with non-traumatized peers (Igunma et al., 2022). The 

neurodevelopmental consequences of trauma exposure may 

include dysregulation within reward-processing systems, 

impaired executive functioning, and increased emotional 

reactivity, thereby intensifying susceptibility to substance-

related reinforcement mechanisms (Adindu et al., 2024). 

Moreover, recent evidence suggests that trauma experiences 

may influence not only direct behavioral outcomes but also 

broader interpersonal and cognitive processes such as 

shame, social withdrawal, emotional rigidity, and self-

destructive coping strategies (Rizk-Hildbrand et al., 2025). 

These findings underscore the importance of examining 

trauma exposure as a central upstream factor within broader 

probabilistic models of adolescent substance use risk. 

In addition to trauma exposure, reward sensitivity has 

emerged as a major neuropsychological mechanism 

associated with addictive behaviors in adolescents. Reward 

sensitivity refers to heightened responsiveness to 

pleasurable stimuli, novelty-seeking tendencies, and 

motivational reactivity toward reinforcing experiences (Ma, 

2026). Adolescence is characterized by developmental 

asymmetry between rapidly maturing reward systems and 

relatively immature cognitive control systems, which 

increases risk-taking behavior and impulsive decision-

making (Elvin et al., 2024). Neurobiological investigations 

have demonstrated that exaggerated reward responsivity 

contributes to sensation seeking, susceptibility to peer 

influence, and preference for immediate gratification, all of 

which are strongly associated with early substance 

experimentation (Sazhin et al., 2020). Substance use 

behaviors activate dopaminergic reward pathways and 

temporarily reduce emotional distress, thereby reinforcing 

repeated engagement and increasing the probability of 

dependence over time (Sinha, 2024). Furthermore, emerging 

evidence suggests that reward-processing abnormalities are 

not restricted to substance addiction alone but also 

characterize a broad range of behavioral addictions and 

compulsive risk-taking patterns among adolescents (Billieux 

among trauma exposure, reward sensitivity, peer pressure, sleep instability, 

psychological inflexibility, and substance use risk. The results highlight the 

importance of trauma-informed and multidimensional prevention strategies 

targeting emotional regulation, sleep health, peer influence processes, and 

psychological flexibility in adolescents and emerging adults. 

Keywords: Youth Substance Use, Bayesian Network Modeling, Trauma Exposure, 

Reward Sensitivity, Peer Pressure, Sleep Instability, Psychological Inflexibility, 

Adolescents, Emerging Adults, Predictive Modeling 
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et al., 2023). Similar biopsychosocial mechanisms have been 

identified in problematic gaming, binge eating, and 

maladaptive behavioral reinforcement cycles (Chang et al., 

2023; Rojas-Jara et al., 2022). These converging findings 

indicate that reward sensitivity may represent a 

transdiagnostic vulnerability mechanism contributing to 

multiple maladaptive coping and addiction-related outcomes 

during adolescence. 

Peer pressure also plays a critical role in shaping 

adolescent behavioral trajectories and substance use 

patterns. Adolescents are developmentally inclined toward 

peer acceptance, social belonging, and interpersonal 

validation, making them highly sensitive to social influence 

processes (Meier et al., 2021). Social reinforcement 

mechanisms often intensify experimentation with alcohol, 

tobacco, cannabis, and other substances, particularly within 

peer environments that normalize or encourage risky 

behaviors (Ćatović & Gudelj, 2021). Previous studies have 

shown that adolescents who perceive strong peer approval 

for substance use demonstrate significantly greater 

intentions to engage in drug-related behaviors and 

experience higher rates of repeated substance involvement 

(Bucklin, 2021). Peer influence may also amplify the impact 

of preexisting vulnerabilities such as trauma exposure, 

emotional dysregulation, and impulsivity by creating social 

contexts that reinforce maladaptive coping patterns 

(Borodulin & Holmberg, 2023). Importantly, the social 

neurobiology of adolescence suggests that reward-

processing systems become particularly responsive to peer 

evaluation and social feedback during this developmental 

period, thereby increasing susceptibility to conformity-

related risk behaviors (Sazhin et al., 2020). This interaction 

between peer pressure and reward sensitivity may represent 

a crucial probabilistic pathway underlying substance use 

vulnerability among youth. 

Another factor receiving increasing attention in 

adolescent psychopathology research is sleep instability and 

nocturnal dysregulation. Sleep disturbances are highly 

prevalent among adolescents due to developmental, 

academic, technological, and psychosocial pressures, and 

growing evidence suggests that disrupted sleep patterns are 

strongly associated with emotional dysregulation, impulsive 

behavior, depression, and addiction vulnerability (Tubbs et 

al., 2022). Sleep instability has been linked to impaired 

cognitive control, heightened emotional reactivity, 

diminished decision-making capacity, and increased risk-

taking tendencies, all of which contribute to maladaptive 

behavioral outcomes (Thapar et al., 2022). Recent 

investigations have demonstrated significant associations 

between poor sleep quality and opioid misuse, substance 

cravings, and relapse vulnerability among adolescents and 

young adults (Groenewald et al., 2025). Sleep disruption 

may also intensify stress sensitivity and interfere with 

adaptive coping processes, thereby increasing the 

probability of using psychoactive substances as a 

maladaptive regulation strategy (Magomedova & Fatima, 

2025). Furthermore, nocturnal wakefulness and irregular 

circadian functioning appear to increase behavioral 

disinhibition and reduce emotional self-regulation during 

late-night periods, which may facilitate impulsive substance-

related decision-making (Tubbs et al., 2022). Despite 

increasing recognition of these associations, sleep instability 

remains relatively underexplored within integrated 

computational models of adolescent substance use 

vulnerability. 

Psychological inflexibility represents another central 

mechanism potentially underlying substance-related 

behaviors among youth. Psychological inflexibility refers to 

rigid emotional responding, experiential avoidance, 

cognitive fusion, and inability to engage in value-consistent 

action under conditions of stress or emotional discomfort. 

Adolescents who demonstrate elevated psychological 

inflexibility often struggle to tolerate distress, regulate 

negative affect, and adaptively process adverse emotional 

experiences (Harris, 2025). Such individuals may 

increasingly rely on external regulation strategies, including 

substance use, to avoid painful internal experiences or 

temporarily suppress emotional discomfort (Reese et al., 

2021). Contemporary psychopathology models suggest that 

experiential avoidance constitutes a transdiagnostic process 

underlying anxiety disorders, depressive symptoms, 

behavioral addictions, self-harm, and substance misuse 

(Chiappini et al., 2025). Moreover, emotional rigidity may 

amplify the long-term effects of trauma exposure by 

impairing adaptive coping and reducing resilience capacity 

in stressful environments (Elisha & Shachaf-Friedman, 

2025). Psychological inflexibility has also been linked to 

impulsivity, compulsive behaviors, and maladaptive reward-

seeking patterns among adolescents and emerging adults 

(Mooney et al., 2023). Similar emotional and cognitive 

processes have been observed among individuals displaying 

addictive eating patterns, gaming disorder, and dysregulated 

emotional behaviors (Rodan et al., 2021; Sampedro‐Piquero 

et al., 2022). These findings suggest that psychological 

inflexibility may function as a critical intermediary 

https://portal.issn.org/resource/ISSN/2981-2526
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mechanism connecting emotional adversity, reward 

dysfunction, peer influence, and substance use vulnerability. 

The complexity of these interacting risk processes has 

encouraged increasing use of advanced computational and 

probabilistic analytical approaches in mental health 

research. Traditional linear statistical models often assume 

independence among predictors and may fail to capture the 

dynamic and conditional relationships underlying adolescent 

behavioral disorders (Rezapour et al., 2022). In contrast, 

Bayesian network modeling provides a flexible probabilistic 

framework capable of identifying directed dependency 

structures and conditional pathways among interconnected 

psychological variables. Bayesian approaches are 

particularly valuable in psychopathology research because 

they allow simultaneous examination of direct, indirect, and 

probabilistic influences among multiple determinants of 

behavior (Mansharamani et al., 2023). These models can 

estimate how combinations of vulnerabilities interact to 

increase or decrease the likelihood of maladaptive outcomes 

and can therefore provide clinically meaningful insights into 

risk stratification and prevention planning (Chang et al., 

2023). Recent developments in neuroscience-informed 

prevention science have highlighted the importance of 

integrating biopsychosocial, behavioral, and neurocognitive 

variables within multidimensional analytical systems 

capable of modeling real-world complexity (Rezapour et al., 

2022). Bayesian networks are especially useful for 

identifying latent dependency structures that may not 

emerge through conventional regression techniques. 

The relevance of integrated probabilistic frameworks is 

further reinforced by evidence indicating substantial overlap 

between substance use vulnerability and broader dimensions 

of adolescent psychopathology. Emotional dysregulation, 

depressive symptoms, social disconnection, impulsivity, 

trauma exposure, and maladaptive coping patterns 

frequently co-occur within adolescent populations (Thapar 

et al., 2022). Contemporary models of youth mental health 

emphasize that psychopathological processes are deeply 

interconnected rather than isolated phenomena 

(Magomedova & Fatima, 2025). For example, stress-related 

disorders, emotional dysregulation, self-harm behaviors, and 

addictive patterns often share common neurobiological and 

cognitive mechanisms involving reward processing, 

avoidance learning, and impaired emotional regulation 

(Harris, 2025). Additionally, children of parents with 

addiction histories may develop maladaptive personality 

traits, emotional instability, and heightened stress sensitivity 

that increase later vulnerability to substance use disorders 

(Flykt et al., 2021; Mansharamani et al., 2023). Such 

findings suggest that adolescent substance use should be 

conceptualized within a broader network of developmental, 

emotional, interpersonal, and neurobehavioral risk systems 

rather than as an isolated behavioral outcome. 

Although previous research has independently examined 

trauma exposure, reward sensitivity, peer pressure, sleep 

instability, and psychological inflexibility, relatively few 

studies have integrated these variables within a unified 

Bayesian probabilistic framework capable of modeling their 

conditional interactions and cumulative contributions to 

youth substance use risk. Much of the existing literature 

relies on traditional correlational or regression-based 

methodologies that do not adequately account for dynamic 

interdependencies among psychological variables (Belfiore 

et al., 2024). Furthermore, many prior investigations focus 

on single risk domains while neglecting the complex 

biopsychosocial interactions that characterize adolescent 

developmental vulnerability (Ramírez et al., 2025). Given 

the increasing prevalence of adolescent substance-related 

problems and the growing recognition of multidimensional 

psychopathology pathways, there is a critical need for 

computational models capable of identifying how emotional, 

social, neurobehavioral, and sleep-related factors interact 

probabilistically to shape substance use risk among youth. 

Therefore, the aim of the present study was to develop 

and evaluate a Bayesian network model of youth substance 

use risk based on trauma exposure, reward sensitivity, peer 

pressure, sleep instability, and psychological inflexibility 

among adolescents and emerging adults in the United States. 

2. Methods and Materials 

2.1. Study Design and Participants 

This study employed a cross-sectional predictive 

modeling design using Bayesian network analysis to 

investigate the probabilistic relationships among trauma 

exposure, reward sensitivity, peer pressure, sleep instability, 

psychological inflexibility, and substance use risk among 

adolescents and emerging adults in the United States. The 

study was designed within a data-driven computational 

psychiatry framework with the aim of identifying 

conditional dependencies and latent probabilistic pathways 

associated with youth vulnerability to substance use 

behaviors. The target population consisted of high school 

and early college students aged 15 to 22 years residing in 

four geographically diverse regions of the United States, 

including California, Texas, Illinois, and New York. Data 

https://portal.issn.org/resource/ISSN/2981-2526
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collection was conducted between September 2025 and 

February 2026 through a combination of school-based 

recruitment and secure online survey administration 

platforms. Written informed consent was obtained from 

participants aged 18 years and older, while parental consent 

and adolescent assent were obtained for participants under 

the age of 18. 

The final sample consisted of 1,248 participants selected 

through multistage stratified sampling. Initially, public high 

schools, community colleges, and youth educational centers 

were randomly selected from urban and suburban districts 

within the targeted states. Subsequently, eligible students 

were invited to participate through counselor referrals, 

digital announcements, and classroom recruitment 

procedures. Inclusion criteria included being between 15 and 

22 years of age, current enrollment in an educational 

institution, adequate English-language comprehension, and 

willingness to complete all study instruments. Exclusion 

criteria included severe cognitive impairment, active 

psychotic symptoms, or incomplete response patterns 

exceeding 15% of the questionnaire items. After data 

screening and removal of invalid or inattentive responses 

using response consistency indices and attention-check 

items, 1,248 complete datasets remained for final analysis. 

The sample included 52.1% females and 47.9% males, with 

a mean age of 18.37 years (SD = 2.11). Participants 

represented ethnically diverse backgrounds, including White 

American, African American, Hispanic/Latino, Asian 

American, and multiracial groups, thereby increasing the 

generalizability of the findings across diverse youth 

populations in the United States. 

2.2. Measures 

Youth substance use risk was assessed using the 

Substance Use Risk Profile Scale developed by Woicik and 

colleagues in 2009. The instrument is a widely used self-

report measure designed to identify psychological and 

behavioral tendencies associated with vulnerability to 

alcohol and drug misuse among adolescents and young 

adults. The scale consists of 23 items rated on a 4-point 

Likert continuum ranging from strongly disagree to strongly 

agree. The measure evaluates dimensions associated with 

impulsivity, sensation seeking, anxiety sensitivity, and 

hopelessness, all of which contribute to elevated risk for 

substance involvement. Higher scores indicate greater 

susceptibility to substance-related behaviors and 

maladaptive coping strategies. Previous psychometric 

studies conducted in adolescent populations have 

demonstrated strong internal consistency coefficients 

ranging from 0.78 to 0.91 across subscales, as well as 

satisfactory convergent validity with clinical indicators of 

substance misuse and behavioral dysregulation. In the 

present study, Cronbach’s alpha for the total scale was 0.88. 

Trauma exposure was measured using the Childhood 

Trauma Questionnaire-Short Form developed by Bernstein 

and colleagues in 2003. This instrument contains 28 items 

assessing experiences of emotional abuse, physical abuse, 

sexual abuse, emotional neglect, and physical neglect during 

childhood and adolescence. Participants responded to items 

using a 5-point Likert scale ranging from never true to very 

often true. The questionnaire has been extensively validated 

in community and clinical populations and demonstrates 

strong factorial validity and temporal stability. Higher scores 

indicate greater cumulative trauma exposure and adverse 

developmental experiences. Prior research in American 

adolescent samples has reported internal consistency 

coefficients above 0.85 and significant associations with 

psychopathology, emotional dysregulation, and addiction 

vulnerability. In the current study, the overall reliability 

coefficient for the instrument was 0.91. 

Reward sensitivity was assessed using the Behavioral 

Activation System subscale of the Behavioral Inhibition 

System/Behavioral Activation System Scales developed by 

Carver and White in 1994. The Behavioral Activation 

System dimension includes 13 items measuring 

responsiveness to reward cues, impulsive reward pursuit, 

and sensitivity to pleasurable experiences. Participants rated 

each statement on a 4-point scale from very false for me to 

very true for me. Higher scores reflect elevated reward 

responsiveness and increased motivational sensitivity to 

reinforcing stimuli. The instrument has demonstrated strong 

construct validity in studies examining adolescent 

impulsivity, substance experimentation, and risky behavior 

engagement. Previous research has shown reliability 

estimates ranging from 0.79 to 0.87 in youth populations. In 

the present study, Cronbach’s alpha for the Behavioral 

Activation System subscale was 0.84. 

Peer pressure was evaluated using the Peer Pressure 

Inventory developed by Brown, Clasen, and Eicher in 1986. 

The scale consists of 18 items assessing direct and indirect 

peer influence related to social conformity, risk-taking, and 

behavioral decision-making. Participants responded on a 5-

point Likert scale ranging from never to always. Higher 

scores indicate greater susceptibility to peer influence and 

stronger perceived social pressure from peers. The 

https://portal.issn.org/resource/ISSN/2981-2526
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instrument has been frequently used in adolescent behavioral 

research and has shown strong predictive validity for 

substance use initiation, delinquency, and externalizing 

behaviors. Previous studies in American youth populations 

have reported reliability coefficients exceeding 0.80. In the 

current investigation, the scale demonstrated a Cronbach’s 

alpha coefficient of 0.86. 

Sleep instability was measured using the Sleep Condition 

Indicator developed by Espie and colleagues in 2014. This 

measure includes eight items assessing sleep continuity, 

sleep satisfaction, nighttime awakenings, and perceived 

sleep quality over the previous month. Responses are scored 

on a 5-point scale, with lower scores reflecting poorer sleep 

stability and more severe disturbances in sleep regulation. 

Because the present study focused on instability and 

irregularity of sleep patterns, reverse scoring procedures 

were implemented so that higher final scores represented 

greater sleep instability. The instrument has demonstrated 

excellent psychometric properties in adolescent and young 

adult populations, including strong convergent validity with 

insomnia severity and emotional dysregulation measures. In 

the current sample, the instrument yielded a reliability 

coefficient of 0.83. 

Psychological inflexibility was assessed using the 

Acceptance and Action Questionnaire-II developed by Bond 

and colleagues in 2011. This 7-item instrument evaluates 

experiential avoidance, cognitive fusion, emotional rigidity, 

and inability to engage in value-consistent behavior during 

distress. Participants rated items on a 7-point Likert scale 

ranging from never true to always true. Higher scores 

indicate greater psychological inflexibility and maladaptive 

emotional avoidance processes. The questionnaire is widely 

used in acceptance and commitment therapy research and 

has shown strong associations with anxiety, depression, 

behavioral addiction, and maladaptive coping. Previous 

studies involving adolescent and emerging adult samples 

have reported Cronbach’s alpha values between 0.84 and 

0.90. In the present study, the scale demonstrated excellent 

reliability with an alpha coefficient of 0.89. 

2.3. Data Analysis 

Data analysis was conducted using a combination of 

traditional statistical procedures and Bayesian probabilistic 

modeling techniques. Initially, descriptive statistics 

including means, standard deviations, skewness, and 

kurtosis indices were calculated for all study variables to 

assess distributional characteristics and identify potential 

violations of normality assumptions. Missing data rates were 

below 3% across all variables and were handled using 

expectation-maximization imputation procedures. Pearson 

correlation analyses were subsequently conducted to 

examine preliminary associations among trauma exposure, 

reward sensitivity, peer pressure, sleep instability, 

psychological inflexibility, and substance use risk. 

The primary analytical framework of the study involved 

Bayesian network modeling implemented using Python 

programming language and specialized machine learning 

libraries including pgmpy, Scikit-learn, NumPy, and 

NetworkX. Bayesian networks were selected because of 

their ability to model conditional probabilistic dependencies 

among psychological variables while simultaneously 

identifying direct and indirect pathways associated with 

substance use vulnerability. Prior to model estimation, all 

variables were standardized and discretized using entropy-

based binning procedures to optimize network learning 

performance. Structural learning of the Bayesian network 

was conducted using the Hill-Climbing optimization 

algorithm combined with the Bayesian Information 

Criterion scoring function to identify the optimal directed 

acyclic graph representing the probabilistic structure of the 

data. Bootstrap resampling with 1,000 iterations was 

employed to enhance model stability and reduce the risk of 

overfitting. 

To evaluate predictive accuracy, the dataset was 

randomly divided into training and testing subsets using an 

80/20 split ratio. The Bayesian network model was trained 

on the training dataset and subsequently validated on the 

independent testing dataset. Model performance was 

evaluated using classification accuracy, precision, recall, F1-

score, area under the receiver operating characteristic curve, 

and log-likelihood estimation. Sensitivity analysis was 

additionally conducted to determine the relative influence of 

each predictor variable on substance use risk probabilities 

within the network structure. Conditional probability queries 

were also implemented to estimate the likelihood of elevated 

substance use risk under varying combinations of trauma 

exposure, reward sensitivity, peer pressure, sleep instability, 

and psychological inflexibility. Network visualization 

procedures were performed to graphically illustrate 

probabilistic pathways and conditional dependencies among 

variables. All statistical analyses were conducted using 

SPSS version 29 and Python 3.11, with the significance 

threshold set at p < .05. 

https://portal.issn.org/resource/ISSN/2981-2526
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3. Findings and Results 

A total of 1,248 adolescents and emerging adults 

participated in the present study. Of the participants, 650 

individuals (52.1%) were female and 598 individuals 

(47.9%) were male. The age of participants ranged from 15 

to 22 years, with a mean age of 18.37 years (SD = 2.11). 

Regarding educational status, 58.4% of participants were 

enrolled in high school programs, while 41.6% were 

attending community colleges or early undergraduate 

educational programs. Ethnic distribution indicated that 

43.8% identified as White American, 21.4% as 

Hispanic/Latino, 18.6% as African American, 10.3% as 

Asian American, and 5.9% as multiracial or other ethnic 

backgrounds. Approximately 31.7% of the participants 

reported previous experimentation with at least one 

psychoactive substance, whereas 14.2% reported repeated 

substance use during the preceding six months. Preliminary 

screening analyses demonstrated acceptable distributional 

properties for all study variables, with skewness and kurtosis 

values remaining within the acceptable range of ±2.00, 

indicating the suitability of the data for Bayesian network 

estimation and multivariate statistical analyses. 

Table 1 

Descriptive Statistics and Correlations Among Study Variables 

Variables Mean SD 1 2 3 4 5 6 

1. Trauma Exposure 41.82 12.44 — 

     

2. Reward Sensitivity 35.19 7.86 .39** — 

    

3. Peer Pressure 48.27 10.53 .42** .46** — 

   

4. Sleep Instability 24.91 6.78 .44** .31** .37** — 

  

5. Psychological Inflexibility 29.76 8.64 .57** .34** .41** .49** — 

 

6. Substance Use Risk 51.43 11.92 .61** .53** .58** .46** .65** — 

 

The descriptive and correlational findings presented in 

Table 1 demonstrated significant positive associations 

among all study variables. Trauma exposure showed 

moderate-to-strong correlations with peer pressure (r = .42, 

p < .01), sleep instability (r = .44, p < .01), psychological 

inflexibility (r = .57, p < .01), and substance use risk (r = .61, 

p < .01), indicating that participants with elevated histories 

of adverse childhood experiences were more likely to exhibit 

maladaptive emotional and behavioral risk patterns. Reward 

sensitivity also displayed a strong positive relationship with 

substance use risk (r = .53, p < .01), suggesting that 

heightened responsiveness to rewarding stimuli may 

contribute substantially to vulnerability toward substance 

experimentation and impulsive behavior. Among all 

predictor variables, psychological inflexibility demonstrated 

the strongest correlation with substance use risk (r = .65, p < 

.01), highlighting the central role of experiential avoidance 

and emotional rigidity in the probabilistic structure of youth 

addiction vulnerability. Sleep instability exhibited moderate 

positive associations with all variables, particularly 

psychological inflexibility (r = .49, p < .01), supporting the 

notion that emotional dysregulation and disrupted sleep 

processes may interact dynamically within the broader 

psychopathological network associated with substance 

misuse. Overall, the correlation matrix revealed a highly 

interconnected psychological risk system suitable for 

Bayesian network modeling and probabilistic dependency 

estimation. 

Table 2 

Bayesian Network Model Performance Indices for Predicting Youth Substance Use Risk 

Performance Indicator Value 

Training Accuracy 89.41% 

Testing Accuracy 86.93% 

Precision 0.87 

Recall 0.85 

F1-Score 0.86 

Area Under ROC Curve (AUC) 0.91 

Log-Likelihood -1248.37 

Bayesian Information Criterion (BIC) 2576.84 

Sensitivity 0.84 

https://portal.issn.org/resource/ISSN/2981-2526
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Specificity 0.88 

 

The Bayesian network model demonstrated high 

predictive performance and strong classification capability 

in identifying youth substance use risk. As shown in Table 

2, the model achieved a training accuracy of 89.41% and a 

testing accuracy of 86.93%, indicating strong 

generalizability and minimal overfitting between training 

and validation datasets. The area under the receiver 

operating characteristic curve reached 0.91, reflecting 

excellent discrimination capacity between high-risk and 

low-risk participants. Precision and recall coefficients were 

also high, suggesting that the model accurately identified 

adolescents with elevated substance use vulnerability while 

maintaining stable classification consistency across 

probabilistic thresholds. The F1-score of 0.86 further 

confirmed balanced predictive performance. Sensitivity and 

specificity analyses indicated that the model effectively 

captured true positive cases of substance use risk while 

simultaneously minimizing false-positive classifications. 

Examination of the Bayesian Information Criterion and log-

likelihood statistics demonstrated acceptable model fit and 

structural efficiency, supporting the adequacy of the final 

directed acyclic graph generated through the Hill-Climbing 

optimization procedure. Collectively, these findings 

indicated that Bayesian probabilistic modeling provided a 

robust analytical framework for understanding complex 

interdependencies among trauma exposure, reward 

sensitivity, peer pressure, sleep instability, psychological 

inflexibility, and substance use vulnerability among 

adolescents and emerging adults. 

Figure 1 

Bayesian Network Structure Demonstrating Conditional Probabilistic Pathways Among Trauma Exposure, Reward Sensitivity, Peer 

Pressure, Sleep Instability, Psychological Inflexibility, and Youth Substance Use Risk 

 

The Bayesian network structure revealed several 

important conditional dependency pathways contributing to 

youth substance use vulnerability. Trauma exposure 

emerged as a central upstream node directly influencing 

https://portal.issn.org/resource/ISSN/2981-2526
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psychological inflexibility, sleep instability, and peer 

pressure susceptibility. Psychological inflexibility 

functioned as the strongest intermediary node connecting 

trauma-related experiences to elevated substance use risk 

probabilities, indicating that adolescents with greater 

emotional rigidity and experiential avoidance demonstrated 

substantially higher conditional probabilities of maladaptive 

substance-related outcomes. Reward sensitivity also 

emerged as a highly influential predictor with direct 

probabilistic pathways toward substance use risk, suggesting 

that heightened reward responsiveness increased 

vulnerability to reinforcement-seeking behaviors and 

impulsive experimentation with psychoactive substances. 

Peer pressure demonstrated both direct and indirect effects 

within the network structure, amplifying the impact of 

reward sensitivity and trauma exposure on behavioral risk 

outcomes. Sleep instability appeared as an important 

secondary mediator interacting dynamically with 

psychological inflexibility and trauma exposure, indicating 

that disrupted sleep regulation may exacerbate emotional 

dysregulation and behavioral vulnerability processes. 

Conditional probability analyses demonstrated that 

participants exhibiting simultaneously high trauma 

exposure, elevated reward sensitivity, severe sleep 

instability, and strong psychological inflexibility showed an 

estimated 82% probability of belonging to the high 

substance use risk category. In contrast, adolescents with 

low trauma exposure and low psychological inflexibility 

demonstrated less than 18% probability of elevated 

substance use vulnerability. These probabilistic findings 

highlighted the multidimensional and interconnected nature 

of youth addiction risk and underscored the utility of 

Bayesian network modeling in identifying complex 

psychological dependency structures underlying adolescent 

substance-related behaviors. 

Table 3 

Relative Predictor Importance in the Bayesian Network Model of Youth Substance Use Risk 

Predictor Variable Relative Importance Weight Standardized Influence Score 

Psychological Inflexibility 0.31 1.00 

Trauma Exposure 0.26 0.87 

Peer Pressure 0.19 0.74 

Reward Sensitivity 0.15 0.63 

Sleep Instability 0.09 0.48 

 

The sensitivity analysis and predictor importance 

estimation presented in Table 3 revealed that psychological 

inflexibility represented the most influential variable within 

the Bayesian network model, with the highest relative 

importance weight and standardized influence score. This 

finding suggested that cognitive fusion, experiential 

avoidance, and emotional rigidity constituted the most 

powerful probabilistic mechanisms underlying youth 

substance use vulnerability. Trauma exposure emerged as 

the second strongest predictor, indicating that adverse 

childhood experiences and developmental stressors exert 

substantial direct and indirect influences on addiction-

related risk processes. Peer pressure demonstrated notable 

predictive influence, reinforcing the importance of social 

environmental mechanisms and interpersonal conformity 

pressures during adolescence and emerging adulthood. 

Reward sensitivity also contributed significantly to the 

prediction of substance use risk, although its influence was 

partially mediated through peer pressure and psychological 

inflexibility pathways within the network structure. Sleep 

instability displayed the lowest but still meaningful 

contribution to the model, suggesting that disrupted sleep 

patterns function as an auxiliary vulnerability factor that 

intensifies emotional dysregulation and maladaptive coping 

tendencies. Overall, the predictor ranking pattern 

highlighted the dominant role of psychological and trauma-

related mechanisms within the probabilistic architecture of 

adolescent substance use vulnerability while simultaneously 

demonstrating the interactive contributions of behavioral, 

emotional, and social determinants. 

4. Discussion 

The present study aimed to develop and evaluate a 

Bayesian network model of youth substance use risk based 

on trauma exposure, reward sensitivity, peer pressure, sleep 

instability, and psychological inflexibility among 

adolescents and emerging adults in the United States. The 

findings demonstrated that all study variables were 

positively and significantly associated with substance use 

risk and that the Bayesian network model showed high 

https://portal.issn.org/resource/ISSN/2981-2526
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predictive accuracy and strong probabilistic classification 

performance. Among the predictor variables, psychological 

inflexibility emerged as the strongest contributor to 

substance use vulnerability, followed by trauma exposure, 

peer pressure, reward sensitivity, and sleep instability. 

Furthermore, the Bayesian network structure revealed that 

trauma exposure functioned as an upstream variable 

influencing psychological inflexibility, sleep instability, and 

peer pressure susceptibility, while psychological 

inflexibility served as the most influential intermediary 

pathway linking emotional adversity to elevated substance 

use risk. These findings support multidimensional models of 

adolescent psychopathology emphasizing the interactive and 

conditional nature of developmental risk processes. 

One of the most important findings of the present study 

was the strong relationship between trauma exposure and 

youth substance use risk. Adolescents reporting higher 

levels of childhood adversity demonstrated substantially 

elevated probabilities of engaging in substance-related 

behaviors. This finding is highly consistent with previous 

research indicating that exposure to abuse, neglect, violence, 

and chronic stress disrupts emotional regulation systems and 

increases vulnerability to maladaptive coping mechanisms 

(Ramírez et al., 2025). Trauma experiences may impair 

neurodevelopmental pathways associated with stress 

regulation, emotional processing, and behavioral inhibition, 

thereby increasing the likelihood of seeking relief through 

psychoactive substances (Adindu et al., 2024). The findings 

are also aligned with evidence suggesting that traumatized 

adolescents frequently experience heightened emotional 

distress, shame, social isolation, and internal dysregulation, 

all of which contribute to addictive coping behaviors 

(Powell, 2021). Furthermore, Rizk-Hildbrand and 

colleagues emphasized that experiences of violence, body 

shaming, and emotional suffering in adolescence may 

intensify self-destructive coping patterns and behavioral 

dysregulation (Rizk-Hildbrand et al., 2025). The current 

findings therefore reinforce the importance of 

conceptualizing substance use risk as partially rooted in 

developmental adversity and unresolved emotional trauma. 

Another significant finding was the strong predictive role 

of psychological inflexibility within the Bayesian network 

model. Psychological inflexibility emerged as the most 

influential variable predicting substance use risk, suggesting 

that adolescents who struggle to tolerate distress and regulate 

painful emotional experiences are more likely to engage in 

maladaptive substance-related behaviors. This finding 

supports contemporary acceptance-based and 

transdiagnostic psychopathology models emphasizing 

experiential avoidance and cognitive rigidity as central 

mechanisms underlying addiction vulnerability (Reese et al., 

2021). Adolescents with elevated psychological inflexibility 

may attempt to escape or suppress distressing internal 

experiences through external regulation strategies such as 

alcohol and drug use. The findings are also supported by 

Harris, who argued that maladaptive emotional prediction 

systems and impaired adaptive regulation processes 

contribute significantly to depression, stress disorders, and 

compulsive behavioral responses (Harris, 2025). Similarly, 

Chiappini and colleagues reported that emerging 

psychopathological conditions among adolescents 

frequently involve rigid emotional responding, maladaptive 

coping, and impaired cognitive flexibility (Chiappini et al., 

2025). The present findings also align with studies 

examining addiction-related disorders and behavioral 

dysregulation, which indicate that emotional rigidity and 

avoidance processes are strongly associated with relapse 

vulnerability, compulsive behavior, and maladaptive reward 

seeking (Mooney et al., 2023). Therefore, psychological 

inflexibility may function as a critical mechanism 

transforming emotional distress into behavioral addiction 

vulnerability. 

The findings additionally demonstrated that reward 

sensitivity significantly contributed to youth substance use 

risk. Adolescents with heightened reward responsiveness 

displayed increased vulnerability to substance-related 

behaviors and impulsive reinforcement-seeking patterns. 

This finding is consistent with developmental neuroscience 

literature emphasizing that adolescence is characterized by 

heightened activation of reward-processing systems 

alongside relatively immature executive control mechanisms 

(Ma, 2026). Elevated reward sensitivity may increase 

susceptibility to novelty seeking, sensation seeking, and 

immediate gratification, thereby increasing the reinforcing 

effects of psychoactive substances (Sazhin et al., 2020). 

Previous investigations have similarly demonstrated that 

reward-processing abnormalities contribute not only to 

substance addiction but also to behavioral addictions such as 

problematic gaming and binge-related disorders (Billieux et 

al., 2023; Rojas-Jara et al., 2022). Moreover, Chang and 

colleagues found that maladaptive reward responsiveness 

and impulsive motivational systems play central roles in 

behavioral addiction vulnerability among adolescents 

(Chang et al., 2023). The present findings also correspond 

with Sinha’s stress-addiction framework, which suggests 

that stress-related emotional dysregulation increases 
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sensitivity to rewarding stimuli and reinforces substance use 

behaviors as compensatory coping strategies (Sinha, 2024). 

Thus, reward sensitivity appears to represent a biologically 

and psychologically significant pathway contributing to 

adolescent substance use risk. 

Peer pressure also emerged as an important predictor 

within the Bayesian network model. Adolescents who 

reported greater susceptibility to peer influence 

demonstrated higher probabilities of substance use 

vulnerability. This finding is strongly supported by social-

developmental theories emphasizing the critical role of peer 

acceptance, social belonging, and conformity pressures 

during adolescence (Meier et al., 2021). During this 

developmental stage, peer approval becomes highly 

rewarding, and adolescents may increasingly engage in risky 

behaviors to maintain social status and interpersonal 

acceptance. Previous studies have consistently shown that 

peer environments strongly influence adolescent 

experimentation with alcohol, nicotine, and illicit substances 

(Ćatović & Gudelj, 2021). The current findings are also 

aligned with research suggesting that peer influence 

amplifies preexisting emotional and behavioral 

vulnerabilities such as impulsivity, trauma-related distress, 

and reward sensitivity (Borodulin & Holmberg, 2023). 

Furthermore, Bucklin’s multidimensional framework for 

understanding addictive behaviors highlighted the 

importance of interpersonal reinforcement mechanisms and 

environmental triggers in shaping substance-related 

decision-making (Bucklin, 2021). The Bayesian network 

structure in the present study additionally demonstrated that 

peer pressure interacted with trauma exposure and 

psychological inflexibility, suggesting that social influence 

processes may intensify underlying emotional 

vulnerabilities and increase the probability of maladaptive 

coping behaviors. 

Sleep instability was another significant contributor to 

substance use vulnerability within the model. Adolescents 

with greater sleep disruption and irregular sleep patterns 

demonstrated elevated substance use risk probabilities. This 

finding supports growing evidence linking sleep deficiency 

with emotional dysregulation, impulsive behavior, and 

psychopathology during adolescence (Tubbs et al., 2022). 

Sleep instability may impair cognitive control functions and 

increase emotional reactivity, thereby reducing adolescents’ 

ability to regulate impulses and cope adaptively with stress. 

The findings are highly consistent with Groenewald and 

colleagues, who demonstrated significant associations 

between sleep deficiency and opioid-related vulnerability 

among adolescents (Groenewald et al., 2025). Similarly, 

Thapar and colleagues emphasized that sleep dysregulation 

contributes substantially to depression, emotional instability, 

and behavioral dysfunction in young people (Thapar et al., 

2022). Poor sleep may also increase stress sensitivity and 

emotional exhaustion, thereby enhancing the reinforcing 

appeal of psychoactive substances as temporary relief 

mechanisms (Magomedova & Fatima, 2025). Importantly, 

the Bayesian network structure indicated that sleep 

instability interacted dynamically with psychological 

inflexibility and trauma exposure, suggesting that disrupted 

sleep may function both as a direct vulnerability factor and 

as a secondary amplifier of emotional dysregulation 

processes. 

The probabilistic structure identified through Bayesian 

network modeling represents another major contribution of 

the present study. Traditional statistical approaches often 

assume independent effects among predictors and may fail 

to capture the interconnected nature of adolescent 

psychopathology. In contrast, the Bayesian framework used 

in this study successfully identified conditional pathways 

linking trauma exposure, emotional rigidity, peer influence, 

reward sensitivity, and sleep instability to substance use 

vulnerability. These findings support neuroscience-informed 

and systems-based approaches emphasizing that adolescent 

behavioral disorders emerge from complex biopsychosocial 

interactions rather than isolated determinants (Rezapour et 

al., 2022). The present results are also consistent with 

Belfiore and colleagues, who highlighted the necessity of 

integrating biological, psychological, and social 

determinants when examining substance use disorders and 

co-occurring mental health conditions (Belfiore et al., 2024). 

Similarly, Borodulin and Holmberg argued that genetic, 

environmental, and sociocultural influences interact 

dynamically to shape addiction vulnerability across 

development (Borodulin & Holmberg, 2023). The Bayesian 

network findings therefore reinforce the value of 

probabilistic computational models for understanding 

adolescent substance use risk and identifying clinically 

meaningful intervention targets. 

5. Conclusion 

The findings also support broader transdiagnostic 

perspectives suggesting overlap between substance use 

vulnerability and other forms of emotional and behavioral 

dysregulation. Several prior studies have documented 

associations between addiction-related behaviors and 
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emotional instability, maladaptive coping, impulsivity, and 

compulsive reinforcement processes (Sampedro‐Piquero et 

al., 2022). Similar biopsychosocial mechanisms have been 

identified in behavioral addictions, eating disorders, 

depressive disorders, and self-harming behaviors (Chiappini 

et al., 2025; Rodan et al., 2021). Furthermore, adolescents 

exposed to parental addiction and family dysfunction may 

develop maladaptive personality traits and emotional 

vulnerabilities that increase later addiction susceptibility 

(Flykt et al., 2021; Mansharamani et al., 2023). The 

interconnected pathways identified in the present study 

therefore support multidimensional developmental 

psychopathology models emphasizing that youth substance 

use risk reflects broader emotional, cognitive, and social 

dysregulation processes. 

6. Limitations & Suggestions 

One limitation of the present study was the cross-

sectional design, which restricts causal interpretation of the 

identified relationships among trauma exposure, 

psychological inflexibility, peer pressure, reward sensitivity, 

sleep instability, and substance use risk. Although Bayesian 

network modeling provides valuable probabilistic insights 

into conditional dependencies among variables, longitudinal 

studies are necessary to determine developmental 

sequencing and causal directionality. Another limitation 

involved reliance on self-report measures, which may 

increase the possibility of recall bias, response distortion, or 

social desirability effects. Additionally, although the sample 

was geographically diverse within the United States, the 

findings may not generalize fully to adolescents from 

different cultural, socioeconomic, or clinical populations. 

The study also focused primarily on psychological and 

behavioral predictors and did not include biological markers, 

neuroimaging indicators, or family-system variables that 

may further enhance probabilistic modeling accuracy. 

Future research should employ longitudinal and 

prospective study designs to examine how trauma exposure, 

emotional dysregulation, reward sensitivity, and sleep 

instability interact over time to influence substance use 

trajectories during adolescence and emerging adulthood. 

Additional studies could integrate neurobiological and 

physiological indicators such as cortisol regulation, neural 

reward responsivity, and genetic vulnerability markers into 

Bayesian computational models to improve prediction 

precision. Researchers are also encouraged to examine 

protective factors including resilience, family cohesion, 

mindfulness, emotional intelligence, and social support in 

order to identify adaptive mechanisms capable of buffering 

addiction vulnerability. Comparative investigations across 

cultures and socioeconomic contexts may further clarify the 

role of environmental and contextual factors in shaping 

adolescent substance use risk. Future studies could 

additionally compare Bayesian networks with alternative 

machine learning approaches such as random forests, deep 

learning models, and ensemble methods to evaluate relative 

predictive effectiveness across diverse adolescent 

populations. 

The findings of the present study have important practical 

implications for mental health professionals, school 

counselors, prevention specialists, and public health 

policymakers. Prevention programs targeting adolescent 

substance use should adopt multidimensional approaches 

addressing trauma-related distress, emotional regulation 

deficits, sleep problems, maladaptive peer environments, 

and psychological inflexibility simultaneously rather than 

focusing exclusively on substance-related behaviors. 

School-based interventions may benefit from incorporating 

emotional regulation training, trauma-informed care 

principles, peer resistance skills, and sleep hygiene 

education into adolescent mental health programming. 

Clinicians working with high-risk youth should assess 

experiential avoidance, emotional rigidity, and trauma 

histories as part of comprehensive substance use screening 

procedures. The probabilistic findings of the Bayesian 

model may also assist practitioners in identifying 

adolescents with particularly elevated vulnerability profiles 

and implementing early personalized interventions before 

addiction patterns become chronic. Finally, policymakers 

should prioritize integrated youth mental health services that 

address emotional adversity, social risk factors, and 

behavioral dysregulation collectively in order to reduce the 

long-term burden of adolescent substance misuse and 

associated psychosocial outcomes. 
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