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Abstract

Adolescent substance use is a significant public health problem and there is a need for 

effective substance use preventions. To develop effective preventions, it is important to identify 

neurobiological risk factors that predict increases in substance use in adolescence and to 

understand potential sex differences in risk mechanisms. The present study used functional 

magnetic resonance imaging and hierarchical linear modeling to examine negative emotion- 

and reward-related neural responses in early adolescence predicting growth in substance use 

to middle adolescence in 81 youth, by sex. Adolescent neural responses to negative emotional 

stimuli and monetary reward receipt were assessed at age 12–14. Adolescents reported on 

substance use at age 12–14 and at 6 month, and 1, 2, and 3 year follow-ups. Adolescent neural 

responses did not predict initiation of substance use (yes/no), but, among users, neural responses 

predicted growth in substance use frequency. For girls, heightened right amygdala responses to 

negative emotional stimuli in early adolescence predicted growth in substance use frequency 

through middle adolescence. For boys, blunted left nucleus accumbens and bilateral ventromedial 

prefrontal cortex responses to monetary reward predicted growth in substance use frequency. 

Findings suggest different emotion and reward-related predictors of the development of substance 

use for adolescent girls versus boys.
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1. Introduction

Substance use increases dramatically during adolescence [1] and adolescent substance use 

(SU) can have significant consequences. Adolescent SU is associated with greater rates 

of impaired driving, violent behaviors, risky sex, and suicide during adolescence [2,3]. 

Furthermore, adolescent SU, particularly early and frequent/heavy SU, predicts risk for 

future substance use disorders (SUDs) and psychological problems into adulthood [4,5]. 

Notably, adolescent girls show a faster progression to SUDs and greater acute consequences 

of SU than boys [6]. Given the consequences of adolescent SU, it is important to 

understand risk factors for SU and to examine sex differences in risk factors to inform 

SU prevention programs. Two potential SU risk factors that are rapidly developing during 

adolescence are negative emotion- and reward-related brain function. The present study 

examined adolescents’ negative emotion- and reward-related neural responses predicting the 

longitudinal development of SU from early to middle adolescence, by adolescent sex.

1.1 Negative Emotion

Several theories propose that negative emotional reactivity plays a role in the development 

of SU [7,8]. These propose that individuals who experience high negative emotional 

arousal may seek out substances to down-regulate arousal. This may occur particularly 

in adolescence. During this developmental period, emotion-related neurobiological systems 

are rapidly changing, with heightened sensitivity of neural systems supporting emotional 

arousal (e.g., limbic regions) and protracted development of prefrontal systems that support 

regulation of emotional arousal [9]. This leads to a developmental period of heightened 

emotional arousal and reactivity and greater emotional intensity. Also during adolescence, 

youth initiate and escalate in substance use (and other risk behaviors). Thus, theorists have 

proposed that links between neural emotional reactivity and SU may be particularly salient 

in adolescence [9–12]. Several behavioral studies have examined associations between 

emotional arousal and SU in adolescence and support that they are connected, with studies 

finding that higher reported negative emotional arousal correlates with greater adolescent SU 

[e.g., 13].

Initial studies have also examined negative emotion-related neural function and adolescent 

SU. Several brain regions are involved in processing negative emotional stimuli. The 

present study focused on two commonly found regions that are specifically involved in 

supporting emotional reactivity: the amygdala (involved in rapid detection and reactivity) 

and anterior insula [AI] (involved in interoceptive awareness and reactivity). Two initial 

studies with adolescents found that higher amygdala reactivity to negative emotional stimuli 

longitudinally predicted earlier alcohol initiation [14] and cross-sectionally predicted alcohol 

and cannabis use disorder symptoms [15] in 12–18 year olds and one study found higher AI 

reactivity predicted current SU in 12–14 year old girls [16]. This supports that heightened 
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neural reactivity to negative emotional stimuli may be associated with adolescent SU, 

though more research is needed.

1.2 Reward

Theorists have also proposed that altered reward sensitivity may lead to risk for SU 

[17]. In adolescence, reward systems in the brain are rapidly developing, with heightened 

sensitivity and reactivity of fronto-striatal circuits that support reactivity to reward [10,11]. 

At the same time, behaviorally, adolescence is a time of seeking out rewards and new 

sensations, and increasing SU and other risk behaviors [11]. Thus, theorists have proposed 

that changing and heightened neural reward system activation during adolescence may lead 

youth to seek out new sensations, including positive risk-taking and also including SU 

and negative risk behaviors [10,17–19]. Consistent with this, behavioral studies have found 

that higher self-reported reward seeking is correlated with greater adolescent SU [e.g., 20]. 

Alternatively, some youth may develop chronically blunted reward system activation. This 

pattern of blunted reward arousal could lead to SU in adolescence through youth seeking out 

substances to up-regulate low reward activation, consistent with reward deficiency theories 

of SU [21].

Several studies have examined neural responses to monetary reward and adolescent SU. 

Several brain regions are involved in reward processing. The present study focused on two 

commonly found regions that are specifically involved in reactivity to reward – the nucleus 

accumbens [NAc] (a ventral striatal region involved in motivation/salience reactivity) and 

ventromedial prefrontal cortex [vmPFC] (involved in salience reactivity with connections to 

NAc). Three studies with adolescents found that heightened NAc and/or vmPFC reactivity 

to monetary reward anticipation and outcome predicted current and future SU in adolescents 

aged 9–24 [22–24]. In contrast, four studies with adolescents found that blunted NAc 

reactivity (and, for two studies, also putamen reactivity) to monetary reward anticipation and 

outcome predicted current and future SU in adolescents aged 14–18 [15,25–27]. In sum, 

existing studies suggest that NAc and vmPFC reward responses are related to adolescent SU, 

with some finding heightened responses to reward and some finding blunted responses to 

reward predicting adolescent SU behavior.

1.3 Sex Differences

Sex differences in pathways to SU are important to consider for several reasons. First, 

girls and boys show different courses and consequences of SU [6,28]. For example, 

girls/women show greater intoxication and functional impairment consequences from SU 

and show a faster progression from initial use to SU problems than boys/men [6,28]. 

Second, theorists have proposed that there may be sex differences in risk factors for SU, 

with negative emotion and stress-related risk factors more commonly leading to SU for 

girls and with reward and sensation seeking risk factors more common for boys [12,29]. 

These sex differences in risk factors could be due to biological differences (e.g., hormone 

effects) and/or gender differences, with girls often socialized to more freely express 

negative emotions and boys to seek out new sensations [12]. Despite these differences, sex 

differences in the development of SU are understudied [28,29] and so more work is needed 

in this area.
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As noted above, it has been theorized that the relationship between heightened neural 

response to negative emotion and SU may be stronger for girls than boys. Girls show 

higher stress reactivity, depressive symptoms, and negative emotional reactivity than boys 

[30,31]. Thus, girls may be more likely to take a pathway to SU through negative 

emotional reactivity [12,29]. Consistent with this, behavioral studies have found that 

negative emotional arousal predicts SU more strongly for adolescent girls than boys [32]. 

Few studies of neural negative emotion processing and SU consider sex differences, however 

a few support this pathway. Heightened neural reactivity to negative emotional imagery in 

adults has been associated with SUDs in women but not men [33]. And, one study with 

adolescents that examined sex differences found that higher anterior insula reactivity to 

negative emotional stimuli correlated with greater SU in 12–14 year old girls but not boys 

[16]

Theorists have also proposed that the association between altered reward system responses 

and SU may be stronger for boys than girls [12,29]. Boys report higher sensation seeking 

[34] and higher externalizing symptoms than girls [35], behaviors which are associated 

with neural reward responses [e.g., 36] and boys may show more sensitive reward system 

reactivity than girls [29]. Thus, boys may have a pattern of being more responsive to and 

seeking out rewards and sensations than girls, leading boys to be more likely to take a 

pathway to SU through seeking out substances to enhance their reward arousal [29,37]. 

Consistent with a reward pathway to SU for boys, studies have found that externalizing 

symptoms, which involve heightened sensation-seeking and reward sensitivity, predict SU 

more strongly for boys than girls [5]. Few studies have examined sex differences in 

neural reward reactivity predicting adolescent SU. In the only study with adolescents to 

our knowledge that examined sex differences, heightened NAc/ventral striatal reactivity to 

reward anticipation at age 16 predicted alcohol use two years later for adolescent boys [37]. 

This finding may suggest that neural reactivity to anticipating a reward may lead to SU, 

particularly for boys. The present study will contribute to this literature by examining sex 

differences in emotion and reward related risk factors for SU in adolescence.

1.4 Present Study

In sum, emerging work suggests that emotion- and reward-related neural function are 

important for adolescent SU. However, this work typically is cross-sectional and does not 

consider sex differences. The present study used fMRI and longitudinal methodology to 

examine neural reactivity to negative emotional and reward stimuli at age 12–14 (when 

youth have been minimally exposed to substances) predicting growth in SU through age 15–

17 (when youth escalate SU), by sex. First, we hypothesized that higher neural reactivity (in 

amygdala and AI) to negative emotional stimuli would predict increases in SU, particularly 

for girls. Second, we hypothesized that altered (heightened or blunted) neural reactivity to 

monetary reward (in NAc and vmPFC) would predict increases in SU, particularly for boys.
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2. Method

2.1 Participants

Participants were eighty one 12–14 year olds. Participants were recruited from a larger 

behavioral study of sex differences, emotion, and the development of SU to participate 

in an additional MRI session. Race/ethnicity was representative of the local community 

(for demographic information, see Table 1). Families were recruited for the larger study 

through flyers and mailings in a suburban area in the mid-Atlantic United States. Inclusion 

criteria for the larger study were age 12–14, IQ >= 80 for adolescent, and adequate English 

proficiency to complete questionnaires. Exclusion criteria were history of psychotic disorder 

for adolescent. The first 81 youth in the larger study who were eligible and interested 

were recruited for the MRI session. Inclusion criteria for the MRI session were that the 

adolescent was MRI safe and had no history of congenital brain defect or significant 

traumatic brain injury. We included youth with psychiatric medication use (n = 9, taking 

ADHD or anti-depressant medications), to include youth with a range of symptoms. Youth 

taking medication were asked to maintain their usual schedule of use.

2.2 Procedure

Families attended three sessions at baseline (from 2013–2015). In the first two, adolescents 

and parents completed questionnaires, interviews, tasks, and urine screens assessing SU and 

other constructs. In the third, adolescents completed the MRI scan. The baseline sessions 

were about 1–2 weeks apart (for 4 adolescents, MRI sessions were delayed 4–6 months due 

to orthodontic braces). Following baseline, adolescents returned for 6 month and 1, 2, and 3 

year follow-ups, during which they completed questionnaires, interviews, and urine screens. 

Retention to follow-ups was high, with 99% attending 6-month, 98% attending 1 and 2 year, 

and 96% attending 3 years. Procedures were approved by the University Institutional Review 

Board and informed consent and assent were obtained.

2.3 MRI Measures

At the MRI session, adolescents completed practice items for the fMRI tasks on a computer 

outside of the scanner. They then completed the MRI scan, which included the emotion task, 

reward task, and a T1-weighted structural scan, on a Siemens 3T Allegra MR scanner with a 

standard single-channel birdcage head coil.

2.3.1 Emotion task.—Adolescents viewed negative emotional, neutral, and positive 

emotional images from the International Affective Picture System (IAPS) [38]. We 

selected negative images from a prior study of adolescents, which were developmentally 

appropriate for and elicited amygdala and AI activation in adolescents [39]. We selected 

developmentally appropriate neutral and positive IAPS pictures matched to the negative 

pictures on subject type and color. IAPS pictures were presented in an event-related design 

in a randomized order, with trial order and timing determined with Optseq2. Eighty-one 

trials (27 negative, 27 neutral, 27 positive) were presented across 3 runs. Each trial consisted 

of viewing a picture (4s), youth rating emotions with a button box (4s), and an inter-trial 

interval jittered between 2s and 12s. Analyses focused on negative trials minus neutral trials 

Chaplin et al. Page 5

Behav Brain Res. Author manuscript; available in PMC 2024 July 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



to focus on neural responses to negative emotional stimuli (versus to viewing and rating 

stimuli generally).

2.3.2 Reward task.—The reward task was an event-related card-guessing task developed 

for adolescents [40]. This task has been shown to elicit NAc and medial PFC responses 

in adolescents [40]. Twenty-four trials were presented in one run in pseudo-random order, 

with 12 possible win trials (6 actual wins, 6 neutral) and 12 possible loss trials (6 losses, 6 

neutral). During each trial, the participant: 1) sees a question mark and guesses via button 

press whether the value of a card will be higher or lower than 5 (4s), 2) is told the trial type 

(possible win or possible loss, by viewing shuffling hands with an up or down arrow) and 

anticipates feedback (6s), and 3) sees the card (500ms) and receives outcome feedback (win, 

loss, or neutral) (500ms). After each of these events, the participant views a fixation cross 

for 9s. Participants are told before the task that they will receive $1 for each win and lose 50 

cents from possible earnings for each loss. Trials actually have predetermined outcomes and 

each participant was given a “win” of $6 at the end of the study session. Analyses focused 

on possible win-win outcome trials minus possible win-neutral outcome trials. Because both 

had the same anticipation period, the contrast focuses on the difference between win versus 

neutral outcome.

2.3.3 MRI analyses.—The hemodynamic response during the tasks was collected using 

gradient-echo echoplanar images (GE-EPI) (TR/TE: 2250/30ms; flip = 70o; FOV: 192mm; 

matrix size: 64 × 64; 40 axial 3mm thick/1mm gap slices). For structural imaging, we 

acquired a whole-head anatomical scan using a T1-weighted magnetization-prepared rapid-

acquisition gradient echo (MPRAGE) pulse sequence (TR/TE = 2300/3ms; FOV = 260mm; 

matrix size = 256 × 256; 160 1mm thick slices).

MRI data were analyzed with FSL 5.0 and MATLAB, using a standard preprocessing and 

analysis pipeline [see also 16]. Data were motion corrected, slice time corrected, and B0 

unwarped. Data were smoothed with a 6mm full width half maximum (FWHM) kernel 

and temporally filtered. Data were coregistered to each participant’s mean MPRAGE and 

then normalized to the Montreal Neurological Institute (MNI) template. Runs with motion 

> 3mm at any TR in any direction were excluded (6 adolescents in the emotion task were 

excluded-thus the N for emotion task analyses is 75). Two adolescents had only 1–2 TR 

spikes of between 3 and 6mm in the emotion task and we kept those participants in the 

data after scrubbing the spikes with FSL motion outlier function. One adolescent did not 

complete the reward task due to a computer malfunction, thus the N for reward task analyses 

is 80.

Next, first-level General Linear Models (GLMs) were run with FSL’s fMRI Expert Analysis 

Tool (FEAT). Blood-oxygen-level-dependent (BOLD) signal at each voxel was modeled 

using generalized least squares with a voxel-wise, temporally and spatially regularized 

autocorrelation model, drift fit with Gaussian-weighted running line smoother (96 s 

FWHM). These models included timing of events of interest (for each condition) and motion 

correction parameters as regressors. These regressors were convolved with double gamma 

functions to create explanatory variables.
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2.4 Questionnaire Measures

In a private room in the lab, adolescents reported on their SU in lifetime at each time-point 

(baseline, 6-month, and 1, 2, and 3 year follow-up) on a questionnaire (the Youth Risk 

Behavior Survey 2011 National Version (YRBS) [41] and on a structured interview (the 

Teen Addiction Severity Index (T-ASI) [42]. The YRBS asks about number of days in 

lifetime using substances for 11 substances (e.g., alcohol, marijuana, inhalants) and number 

of days in past 30 using nicotine. For each substance, the YRBS is scored as 0 (never used), 

1 (used 1–2 days), 2 (3–9 days), 4 (20–39 days), or 5 (40 or more days). We summed 

these scores across all substances to create an overall SU frequency score. The T-ASI asks 

about past 30 day SU. The T-ASI identified 3 additional youth who denied use on YRBS. 

For these youth, we coded their T-ASI data using the YRBS scoring and used this data in 

analyses. We also collected urine drug screens, but those did not identify additional users 

who did not report use on YRBS or T-ASI.

2.5 Analysis Plan

2.5.1 ROIs.—Analyses focused on responses in a-priori ROIs (amygdala and AI for 

emotion task and NAc and vmPFC for reward task). ROIs were created from FSL’s Harvard-

Oxford atlas for amygdala and NAc and Automated Anatomical Labels for AI and vmPFC, 

in MNI standard space. Coefficient of parameter estimate (COPE) values for negative and 

neutral trials (in the emotion task) and for reward outcome and neutral outcome trials (in the 

reward task) were extracted and averaged across these subject-specific ROIs. We calculated 

the difference between negative-neutral trials (for the emotion task) and the difference 

between reward outcome-neutral outcome trials (for reward task).

2.5.2 Covariates.—We considered the following as covariates if they predicted growth 

in SU in HLMs: age at baseline, race, psychiatric medication use, and pubertal stage. None 

of these predicted SU growth, so no covariates were included in analyses.

2.5.3 Main analyses.—We created growth models in HLM 8.0 software, with extracted 

ROI responses to negative emotion (-neutral) and to reward outcome (-neutral) predicting 

growth in SU over time. As is common in studies of adolescent SU, the SU frequency 

variable was zero-inflated. Thus, we conducted HLMs using a zero-inflated modeling 

approach. We first examined growth in dichotomous use/no use. Then, we restricted analysis 

to users (youth who used at one or more time-point- n = 42) and examined growth in the 

continuous SU frequency variable.

In the growth models we created, on Level 1, the HLMs predicted change in the SU outcome 

variable (yes/no SU or SU frequency) over time. Time was modeled as years since baseline 

(0, 0.5, 1, 2, and 3 years). For analyses predicting the yes/no SU categorical outcome, 

the HLM used Bernouli (0/1) modeling. On Level 2, person-attributes including the ROI 

response score (amygdala/AI response to negative – neutral images, NAc/vmPFC response 

to reward – neutral outcome), sex (girl = 0, boy = 1), and the ROI response score X sex 

interaction were entered as having effects on both the intercept and slope. Four models were 

run for the emotion task (R amygdala, L amygdala, R AI, L AI responses) and four models 

were run for the reward task (R NAc, L NAc, R vmPFC, L vmPFC responses) and we used 
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FDR correction for multiple ROIs within each task. In each HLM, random effects were 

estimated to allow variability across individuals in both their intercepts and growth rates. For 

significant ROI activation X sex interactions, we plotted growth in SU separately for boys 

and girls with high/low (±1SD) ROI response and conducted separate HLMs for boys and 

girls.

3. Results

3.1 Preliminary Analyses

Continuous variables were examined for outliers (values greater than or less than 3 SDs 

from the mean). Amygdala, AI, and vmPFC responses and SU frequency each had 1–4 

outlier cases, all of which were above the mean. To reduce the impact of extreme outliers, 

these cases were winsorized (set to equal 3 SDs above the mean), consistent with other 

studies of neural activation measures [e.g., 43]. After winsorization, skewedness was < 2.0. 

We tested sex differences in ROI responses and these were not significant.

Behavioral ratings.—For the emotion task, the mean negative rating for negative images 

was 3.36 on a 1–4 scale (SD = .46) and for neutral pictures was 1.48 (SD = .44) (difference: 

t = 28.73, p < .001). Two adolescents were missing some behavioral button presses for 

the emotion task (50%- 75% of button presses were missing) and two adolescents were 

missing some of the behavioral button presses for the reward task. This could reflect lack of 

attention to the task. Given this, we conducted a sensitivity analysis excluding these youth 

(see below).

3.2 Substance Use

As shown in Table 1, 14 (17.3%) of youth reported SU at baseline, consistent with rates 

in community studies [e.g., 44]. 97.6% of the users used alcohol, 35.7% marijuana, 19.0% 

nicotine, 7.1% inhalants, 4.8% benzodiazepines, and 2.4% used LSD, methamphetamine, or 

sedatives (we excluded SU due to medications). SU rates increased from 17.3% at baseline 

to 40.0% at 3 year follow-up. Of the users, mean SU frequency scores increased from 0.54 

(SD = 0.87) at baseline, corresponding to less than 1 day of use, to 2.17 (SD = 2.17) at 

3 year follow-up, corresponding to about 3–9 days of use. There were not significant sex 

differences in SU at baseline, 6 month, 2 year or 3 year follow-ups. There was a significant 

sex difference in SU 1 year follow-up, with girls showing higher SU rates (Chi2 = 3.91, p = 

.05) and frequency (t = 2.50, p = .02) than boys.

SU rates and frequency both increased slowly at first from baseline to 1 year follow-up, 

then more quickly from 1 and 2 year to 3 year follow-up. We tested a linear growth 

model (years), but, given this pattern, we also tested a model that included a quadratic 

term (years2). Both the linear and quadratic terms had significant fixed effects on SU (both 

yes/no SU and SU frequency). Both the linear and quadratic terms also had significant 

random effects for growth in SU, however the linear time variable had a random effects 

variance component that was 10 times greater than the quadratic time variable, suggesting 

that most of the between person differences in growth were well accounted for by the 

linear component. Consistent with Raudenbush and Bryk’s [45] recommendation to be 
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parsimonious with random effects, we added years2 to the HLM models described above as 

a fixed effect, but not as a random effect.

Nine youth in the study were inconsistent reporters (reported lifetime SU at one of the 

time-points, but then denied at the next follow-up[s]). Inconsistent reporting is common in 

studies of adolescent SU [46]. To address this, we conducted secondary sensitivity analyses. 

First, we tested the HLMs excluding these 9 youth.

Second, we tested HLMs with a “carry forward” variable that used the last reported SU 

value carried forward to future time points.

3.3 Negative Emotion to Yes/No SU

There were no significant amygdala or AI response to emotion X sex interactions or main 

effects on the intercept or on growth in the yes/no SU variable.

3.4 Negative Emotion to SU Frequency

For youth who used substances, there was a significant R amygdala response X sex 

interaction effect on growth in SU frequency (b = −0.06, SE = 0.02, FDR-corrected p = .02) 

(see Table 2). In addition, there was a significant main effect of higher R amygdala response 

predicting greater growth in SU frequency over time (b = 0.05, SE = 0.01, FDR-corrected p 
= .004). There were no significant R amygdala response X sex interactions or main effects 

on the SU frequency intercept.

To follow up the R amygdala response to negative emotion X sex interaction, we plotted the 

interaction and conducted HLMs for girls and boys. As shown in Figure 1, for girls, higher 

R amygdala responses predicted greater increases in SU frequency. Girls at one SD above 

the mean in R amygdala responses increased in SU frequency scores from 0.5 (about 1 day 

in lifetime) to 3.3 (about 25 days in lifetime) from baseline to 3 year follow-up, whereas the 

girls at 1 SD below the mean stayed at 0.7 in SU frequency scores from baseline to 3 year. 

For boys, high and low R amygdala responses predicted similar growth in SU frequency. 

Boys at 1 SD above the mean in response increased 1.3 points and boys at 1 SD below the 

mean increased 1.9 points from baseline to 3 year. In the separate follow-up HLMs, for girls, 

higher R amygdala response to negative emotional stimuli significantly predicted greater 

increases in SU frequency over time (b = 0.05, SE = 0.01, p = .003). For boys, R amygdala 

response did not predict growth in SU frequency (b = −0.01, SE = 0.01, p = .39).

For youth who used substances, there was not a significant L amygdala response X sex 

interaction effect on growth in SU frequency. However, there was a significant main effect of 

higher L amygdala response predicting greater growth in SU frequency over time (b = 0.05, 

SE = 0.01, FDR-corrected p = .004) (see Table 2). There were no significant L amygdala 

response X sex interactions or main effects on the SU frequency intercept.

AI response X sex interactions and AI main effects on intercept or growth in SU frequency 

were not significant.
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3.5 Reward to Yes/No SU

There were no significant NAc or vmPFC response to reward X sex interactions or main 

effects on the intercept or growth in the yes/no SU variable.

3.6 Reward to SU Frequency

For youth who used substances, there was a significant L NAc X sex interaction effect on 

growth in SU frequency (b = −0.03, SE = 0.01, FDR-corrected p = .02) (see Table 3).

There were no significant L NAc response X sex interactions or main effects on the SU 

frequency intercept.

To follow up the L NAc response to reward X sex interaction, we plotted the interaction 

and conducted HLMs for girls and boys. As shown in Figure 2, for boys, lower L NAc 

activation predicted greater increases in SU frequency. Boys at one SD below the mean in 

L NAc responses increased in SU frequency scores from about 0.1 (about zero days) to 3.7 

(about 31 days in lifetime) from baseline to 3 year, whereas the boys at 1 SD above the 

mean only increased from 0.6 (about 1 day in lifetime) to 1.5 (about 5 days in lifetime). For 

girls, high and low L NAc response predicted similar growth in SU. Girls at 1 SD above the 

mean in L NAc response increased 1.4 points and girls at 1 SD below the mean in L NAc 

response increased 0.9 points in lifetime SU frequency scores from baseline to 3 year. In the 

separate HLMs, for boys, lower L NAc response to reward predicted greater increases in SU 

frequency (b= −0.02, SE = 0.01, p = .002). For girls, L NAc response did not predict growth 

in SU (b= −0.01, SE = 0.01, p = .48).

There were no significant R NAc response X sex interactions or main effects on the 

intercept or on growth in SU frequency.

For youth who used substances, there was a significant L vmPFC X sex interaction effect 

on growth in SU frequency (b= −0.03, SE = 0.01, FDR-corrected p = .02) (see Table 3). 

There were no significant L vmPFC X sex interaction or main effects on the SU frequency 

intercept.

To follow up the L vmPFC response X sex interaction, we plotted the interaction and 

conducted HLMs for girls and boys. As shown in Figure 3, for boys, lower L vmPFC 

response to reward predicted greater increases in SU frequency. Boys at one SD below the 

mean in L vmPFC responses increased in SU frequency scores from 0.0 (zero days) to 3.5 

(about 25 days in lifetime) from baseline to 3 year, whereas the boys at 1 SD above the mean 

only increased from 0.6 (about 1 day in lifetime) to 1.1 (1–2 days in lifetime). For girls, high 

and low L vmPFC response predicted similar growth in SU. Girls at 1 SD above the mean 

in response increased 1.4 points and girls at 1 SD below the mean in response increased 1.2 

points from baseline to 3 year. In the separate HLMs, for boys, lower L vmPFC response to 

reward predicted greater increases in SU frequency (b= 0.02, SE = 0.01, p = .001). For girls, 

L vmPFC response did not predict growth in SU (b= −0.01, SE = 0.01, p =.09).

For R vmPFC responses, for youth who used substances, there was a significant R vmPFC 

X sex interaction effect on growth in SU frequency (b= −0.04, SE = 0.01, FDR-corrected p = 
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.045), as shown in Table 3. There was also a significant R vmPFC response X sex interaction 

effect on the intercept, but this fell out of significance with FDR correction (b= 0.03, SE = 

0.01, FDR-corrected p = .09).

To follow up the R vmPFC response X sex interaction, we plotted the interaction and 

conducted HLMs for girls and boys. As shown in Figure 3, for boys, lower R vmPFC 

response to reward predicted greater increases in SU frequency over time. Boys at one SD 

below the mean in R vmPFC responses increased in SU frequency scores from 0.0 (zero 

days in lifetime) to 3.3 (about 19 days in lifetime) from baseline to 3 year, whereas boys at 

1 SD above the mean only increased from 0.7 (about 1 day in lifetime) to 1.1 (1–2 days in 

lifetime). For girls, high and low R vmPFC response predicted similar growth in SU. Girls at 

1 SD above the mean in response increased 1.4 points and girls at 1 SD below the mean in 

response increased 1.5 points from baseline to 3 year. In the separate HLMs, for boys, lower 

R vmPFC response to reward predicted greater increases in SU frequency (b= −0.04, SE = 

0.01, p < .001). For girls, R vmPFC response did not predict growth in SU frequency (b= 

−0.02, SE = 0.01, p = .11).

3.7 Sensitivity Analyses

We re-ran the HLMs excluding the 9 youth who were inconsistent SU reporters and with 

SU carried forward and excluding the 2 youth with excessive missing behavioral ratings. 

Findings did not change. ROI response main effects and response X sex interactions that 

were significant remained significant.

4. Discussion

This was the first study to examine sex differences in emotion- and reward-related neural 

responses predicting growth in SU from early to middle adolescence in a longitudinal study. 

This contributes to the literature by allowing understanding of early neural risk factors for 

SU before youth have had significant substance use effects on brain function. The study also 

examined sex differences, which is important given that girls may take different pathways 

to SU than boys [6]. This study found that neural responses did not predict growth in 

SU initiation (yes/no) from early to middle adolescence, but did predict growth in the 

frequency of SU (among users) from early to middle adolescence. Initiation of SU by middle 

adolescence may be a more normative process, whereas escalating frequency of SU may 

reflect risk for SU problems. If this is the case, altered neural responses may be more 

predictive of problematic than normative SU.

The present study found a right amygdala response to negative emotional stimuli by sex 

interaction predicting growth in SU frequency, with heightened right amygdala responses in 

early adolescence predicting increases in SU frequency to middle adolescence for girls but 

not boys. The study also found left NAc and bilateral vmPFC response to reward by sex 

interactions predicting growth in SU frequency, with blunted NAc and vmPFC responses in 

early adolescence predicting increases in SU frequency through middle adolescence for boys 

but not girls. Overall, our findings suggest different pathways to increases in SU frequency 

from early to middle adolescence for girls versus boys.
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4.1 Negative Emotion

As noted above, in analyses of youth that used substances, heightened right amygdala 

responses to negative emotional stimuli predicted growth in SU frequency for girls, but not 

boys. For left amygdala, there was a main effect for heightened left amygdala response to 

negative emotional stimuli predicting growth in SU frequency. The left amygdala by sex 

interaction was not significant (p = .11), but there may have been a similar sex-differentiated 

pattern for left amygdala that was just out of significance due to insufficient power (which 

could potentially be due to signal-to-noise-ratio inconsistencies between the ROIs).

Our findings of heightened amygdala response to negative emotional stimuli predicting 

increases in SU is consistent with initial prior research with adolescents [14,15]. The finding 

that this was stronger for girls (for right amygdala at least) adds to the literature [along with 

one other study - 16] by suggesting that this neural risk factor may be stronger for girls. 

Interestingly, our findings were significant for amygdala but not AI. One interpretation of 

this is that this processing is operating particularly for initial automatic reactivity to negative 

emotion rather than subjective interpretation of emotion.

Thus, our findings suggest that adolescent girls with higher reactivity to negative emotional 

stimuli or situations may be at risk for increasing in frequency of SU in adolescence. This 

may suggest that girls are more likely to take a self-medication or internalizing pathway to 

SU. In response to negative emotional events, girls may be more likely to experience high 

negative emotional reactivity and arousal. In adolescence, as youth (and particularly girls) 

are faced with mounting negative stressors, girls may feel heightened negative emotional 

arousal and may use substances to down-regulate this arousal. Higher amygdala reactivity 

to negative emotional stimuli (and high negative emotions and rumination on negative 

emotions) is also associated with depressive symptoms [e.g., 47] and depressive symptoms 

are more common for adolescent girls [31] and are a predictor of SU [7]. Future research can 

examine internalizing symptoms as a mediator between heightened amygdala reactivity and 

SU in girls. The present findings should be interpreted with caution, however, given that we 

only found results in the part of the zero inflated model that restricted analyses to users and 

examined SU frequency.

Thus, more research is needed in samples with a greater number of substance users.

4.2 Reward

For analyses of youth that used substances, blunted left NAc and bilateral vmPFC responses 

to reward outcome predicted growth in SU frequency for boys, but not for girls. . This may 

indicate that reward responses are not important risk factors for SU for girls (as noted above, 

negative emotionality may be a more a stronger pathway for girls). However, it may be that, 

whereas girls’ responses to reward outcome may not be important, girls’ responses to reward 

anticipation might be important for SU. This was observed in one study [37] that found that 

blunted neural response to reward anticipation in middle adolescence predicted alcohol use 

in adolescent girls. Our task did not allow us to examine reward anticipation separately from 

outcome, so we were unable to test the effects of neural response to reward anticipation on 

development of SU.
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Nonetheless, our finding that blunted responses to reward outcome predicted SU for boys 

but not girls is an important addition to the literature and may suggest that boys take a 

pathway to SU characterized by blunted reactivity to reward. Our finding adds to one other 

study of sex differences [37] which found that heightened ventral striatal response to reward 

anticipation and average vmPFC responses to reward outcome predicted alcohol use for 

boys. Our study was only able to examine reward outcome and found that blunted NAc 

and vmPFC responses to reward outcome predicted SU. Taken together, for boys, higher 

ventral striatal reactivity to anticipating reward but lower ventral striatal and average or 

lower vmPFC reactivity to reward outcome may be a combination that leads to motivation 

to seek rewards and SU. In everyday life, this may present as boys showing a pattern of 

excitement when anticipating a reward, but being more easily let down when receiving the 

reward. It could be that boys use substances at higher frequency in an effort to fulfill their 

need for reward.

Boys may show a pattern of lower responses to receiving rewards in childhood and then, in 

adolescence, may use substances (as they become available to them) in order to up-regulate 

feelings of reward or sensation. This suggests that boys may take a sensation-seeking or 

reward-seeking pathway to escalation of SU. This may also reflect that boys are more likely 

to take an externalizing pathway to SU. Consistent with this, boys show higher externalizing 

symptoms than girls in childhood and externalizing symptoms have been linked to blunted 

neural responses to reward [36] and have been shown to predict SU [7]. Thus, boys’ blunted 

reward reactivity may lead to externalizing symptoms in childhood (to increase feelings of 

reward), which then may lead to risk for increasing SU in adolescence as part of a pattern 

of acting out behaviors. Future research may consider externalizing symptoms as a mediator 

between blunted reward reactivity and SU for boys. Notably, the present study findings of 

sex differences in reward predictors of SU frequency should be viewed with caution given 

that the sample for the analyses of SU frequency was small. Future studies with larger 

samples of users, particularly studies that can separate reward anticipation from reward 

outcome, are needed to further test sex differences in reward-related pathways to SU.

4.3 Limitations and Future Directions

The present study’s strength is that it is the first to examine sex differences in neural 

responses in well-established negative emotion and reward processing tasks and in 

theoretically-grounded ROIs predicting escalation of SU longitudinally over three years 

during a critical developmental period from early to middle adolescence. Neural activation 

being measured when SU is low (or non-existent) is a strength because we can more 

strongly conclude that neural patterns are an initial vulnerability factor for SU rather than 

a possible consequence of SU. A significant limit is that our sample size was small, and 

even smaller for analyses that were limited to the users. Finding samples of substance using 

(or at least, substance use reporting) youth is a common challenge in community-based 

SU studies [48]. The present study findings, however, are consistent with theory and an 

emerging body of behavioral and neuroimaging findings suggesting different emotion- and 

reward-related pathways to SU in girls and boys [e.g., 29]. The present study findings 

provide intriguing targets/patterns that can be tested in larger samples. For example, future 

research can test our model of sex differences in early adolescent neural risk factors with 
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the Adolescent Brain Cognitive Development (ABCD) dataset once the SU data for middle 

adolescence is released. Another limit is that our sample was mostly White, which may limit 

generalizability to other groups, groups which may have differing sex roles and expectations 

or different patterns of life experiences [49]. In addition, our measure of sex was obtained 

from a dichotomous boy/girl question and thus does not necessarily reflect gender identity, 

which is also important to consider in the development of SU.

5. Conclusions

In sum, we found sex differences in negative emotion- and reward-related neural responses 

predicting longitudinal growth in SU frequency from early to middle adolescence. For 

girls, higher right amygdala responses to negative emotional stimuli in early adolescence 

predicted increases in SU frequency to middle adolescence. In contrast, for boys, blunted 

NAc and vmPFC responses to receiving rewards in early adolescence predicted increases 

in SU frequency to middle adolescence. If these findings are replicated in larger samples, 

this would have significant implications. It would suggest a need to consider sex differences 

in developing SU prevention programs. For example, SU prevention programs may attend 

to reducing heightened negative emotional arousal particularly for girls and to increasing 

reward responses particularly for boys.
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Highlights

• Adolescents’ neural responses during negative emotion and reward processing 

predicted longitudinal growth in substance use frequency over three years in 

adolescence.

• Heightened amygdala responses to negative emotional stimuli predicted 

increases in substance use from early to middle adolescence for girls, but 

not boys.

• Blunted striatal and ventromedial prefrontal cortex responses to reward 

predicted increases in substance use from early to middle adolescence for 

boys, but not girls.

• Findings suggest sex differences in neural predictors of substance use risk 

during adolescence.
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Figure 1. 
Interaction Growth Curve Plots for Right Amygdala Response to Negative Emotional 

Stimuli by Sex Predicting Increases in Substance Use Frequency from Baseline through 

3 Year Follow-up, for Users

Note. Lo = low; Hi = high; R = right; Amy= Amygdala; Resp= response; SU = substance 

use. SU frequency is based on YRBS scoring bands (0 = 0 days, 1 = 1–2 days, 3 = 3–9 

days, 4 = 20–39 days, 5 = 40 or more days), summed across substances. This analysis is 

with youth with emotion task data who used substances (n = 38). The lines indicate mean 

growth for boys and girls with high (1 SD above the mean) or low (1 SD below the mean) in 

amygdala responses.
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Figure 2. 
Interaction Growth Curve Plots for Left NAc Response to Reward by Sex Predicting 

Increases in Substance Use Frequency from Baseline through 3 Year Follow-up, for Users

Note. Lo = low; Hi = high;L = left; NAc = Nucleus Accumbens; Resp= response; SU = 

substance use. SU frequency is based on YRBS scoring bands (0 = 0 days, 1 = 1–2 days, 3 

= 3–9 days, 4 = 20–39 days, 5 = 40 or more days), summed across substances. This analysis 

is with youth with reward task data who used substances (n = 41). The lines indicate mean 

growth for boys and girls with high (1 SD above the mean) or low (1 SD below the mean) in 

NAc responses.
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Figure 3. 
Interaction Growth Curve Plots for Right and Left vmPFC Responses to Reward by Sex 

Predicting Increases in Substance Use Frequency from Baseline through 3 Year Follow-up, 

for Users

Note. Lo = low; Hi = high; R = right; L = left; vmPFC = ventromedial prefrontal cortex; 

Resp=response; SU = substance use. SU frequency is based on YRBS scoring bands (0 = 0 

days, 1 = 1–2 days, 3 = 3–9 days, 4 = 20–39 days, 5 = 40 or more days), summed across 

substances. This analysis is with youth with reward task data who used substances (n = 41). 

The lines indicate mean growth for boys and girls with high (1 SD above the mean) or low 

(1 SD below the mean) in vmPFC responses.
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Table 1

Demographic and Substance Use (SU) Information

Baseline

n = 81

Demogra 
phics

M SD

Age 12.62 0.72

N %

Male 42 51.9%

White 59 72.8%

Baseline 6-Month Follow-up 1-Year Follow-up 2-Year Follow-up 3-Year Follow-up

n = 81 n = 80 n = 79 n = 79 n = 78

Any SU n % n % n % n % n %

14 17.3 13 16.3 14 17.3 15 18.5 32 39.59

SU Freq* 
(for 
users)

M SD M SD M SD M SD M SD

0.54 0.87 0.49 0.88 0.48 0.78 0.98 1.80 2.10 2.17

Baseline 6-Month Follow-up 1-Year Follow-up 2-Year Follow-up 3-Year Follow-up

girls boys girls boys girls boys girls boys girls boys

Any SU n % n % n % n % n % n % n % n % n % n %

9 23.1 5 11.9 8 20.5 5 11.9 11 28.2 3 7.1 7 17.9 8 19.0 19 48.7 13 31.0

SU Freq* 
(for 
users)

M SD M SD M SD M SD M SD M SD M SD M SD M SD M SD

0.55 0.85 0.53 0.93 0.51 0.91 0.47 0.87 0.71 0.92 0.18 0.39 1.02 1.95 0.91 1.61 2.22 2.10 1.92 2.32

Note. White = Non-Hispanic White, SU= Substance Use, Freq = frequency

*
SU frequency is based on YRBS scoring bands (0 = 0 days, 1 = 1–2 days, 3 = 3–9 days, 4 = 20–39 days, 5 = 40 or more days), summed across 

substances.
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Table 2

Results of Hierarchical Linear Modeling Analyses with ROI Response to Negative Emotional Stimuli 

Predicting Growth in Substance Use (SU) Frequency, for Users

R Amygdala to SU Frequency L Amygdala to SU Frequency R AI to SU Frequency L AI to SU Frequency

Fixed 
Effects

B SE p B SE p B SE P B SE P

For Intercept:

Intercept 0.59 0.17 .001 0.57 0.17 .002 0.60 0.17 .001** 0.60 0.17 <001***

 Sex 0.003 0.28 .99 0.06 0.29 .83 0.03 0.27 .92 −0.02 0.27 .95

 ROI Resp −0.01 0.02 .64 −0.01 0.02 .52 −0.004 0.01 .74 0.01 .01 .17

 Sex X
ROI
Resp

−0.003 0.03 .92 −0.01 0.03 .68 −0.003 0.01 .81 −0.01 0.01 .31

For Slope: 
Intercept

−0.40 0.2 .16 −0.38 0.27 .16 −0.37 0.29 .21 −0.37 0.29 .21

 Sex 0.06 0.26 .82 0.01 0.22 .98 0.03 0.25 .91 −0.32 0.26 .90

ROI Resp 0.05 0.01 .002** 0.05 0.01 <001*** 0.01 0.02 .61 −0.001 0.02 .94

 Sex X 
ROI
Resp

−0.06 0.02 .004** −0.03 0.02 .11 −.003 .02 .89 0.002 0.02 .92

For Slope2:

0.29 0.0 <001*** 0.29 0.0 <001*** 0.29 0.0 <001*** 0.29 0.7 <001***

Intercept 8 8 8 9

Random 
Effects

Var SD P Var SD P Var SD P Var SD P

Intercept 0.35 0.59 .001** 0.35 0.59 .001** 0.37 0.61 <001*** 0.36 0.60 <001***

 Slope 0.44 0.66 <001*** 0.43 0.66 <001*** 0.37 0.60 <001*** 0.55 0.74 <001***

Level-1 Error 0.74 0.86 0.74 0.86 0.74 0.86 0.74 0.86

Note. AI = anterior insula; SU = substance use; ROI = region of interest; Resp = response; B = unstandardized coefficient; Var = Variance 
component. This analysis uses youth with emotion task data who used substances (n = 38). Uncorrected p values are presented here. FDR-corrected 
p values for significant main effects or interactions are presented in the text.

*
p < .05

**
p < .01

***
p < .001
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Table 3

Results of Hierarchical Linear Modeling Analyses with ROI Response to Reward Predicting Growth in 

Substance Use (SU) Frequency, for Users

R NAc to SU Frequency L NAc to SU Frequency R vmPFC to SU Frequency L vmPFC to SU Frequency

Fixed B SE P B SE P B SE p B SE P

Effects

For Intercep:

Intercept 0.64 0.16 <001*** 0.66 0.20 .002** 0.67 0.18 <001*** 0.69 0.20 .002**

 Sex −0.25 0.24 .32 −0.30 0.27 .27 −0.31 0.25 .22 −0.36 0.31 .25

 ROI Resp 0.004 0.01 .72 0.001 0.01 .88 −0.005 0.01 .66 −0.01 .01 .40

 Sex X 
ROI 
Resp

0.01 0.01 .55 0.01 0.01 .37 0.03 0.01 .02* 0.02 0.01 .11

For Slope: Intercept −.40 0.29 .18 −.48 0.28 .10 −0.38 0.28 .18 0.41 0.29 .17

 Sex 0.18 0.31 .57 0.38 0.25 .15 0.14 0.24 .57 0.22 0.26 .42

ROI 
Resp

−0.003 0.01 .79 0.005 0.01 .57 −0.001 0.01 .95 0.002 0.01 .82

Sex X −0.02 .01 .27 −.03 .01 .01* −.04 .02 .03* −.03 .01 .01*

ROI Resp For 
Slope2: Intercept

0.29 0.07 <001*** .28 .07 <001*** 0.29 0.07 <001***

Random Effects Var SD P Var SD P Var SD P Var SD P

Intercept 0.32 0.56 <001*** 0.32 0.56 .001** 0.26 0.51 .004 0.29 0.54 .002**

Slope 0.44 0.67 <001*** 0.39 0.62 <001*** 0.37 0.60 <001*** 0.39 0.63 <001***

Level-1
Error

0.70 0.83 0.69 0.83 0.70 0.83 0.69 0.83

Note. R = right; L = left; SU = substance use; ROI = region of interest; Resp = response; B = unstandardized regression coefficient; Var = Variance 
component. This analysis uses n = 41- youth with reward task data who used substances. Uncorrected p values are presented here. FDR-corrected p 
values for significant main effects or interactions are presented in the text.

*
p < .05

**
p < .01

***
p < .001
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