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Abstract

Adolescence is a critical period of brain development characterized by heightened reward sensitivity, which influences behavior and emotional
regulation. Major life events, like the COVID-19 pandemic, may affect reward system development. This longitudinal study integrates self-
reported Behavioral Activation System (BAS) measures with fMRI data from the Adolescent Brain Cognitive Development Study® to examine
reward processing during versus before the pandemic. 5,405 participants (Myge = 9.92, SD = 0.62) completed the Monetary Incentive Delay
task during fMRI scanning and BAS assessments at Baseline and Year 2. Participants were grouped by whether their Year 2 follow-up occurred
before or during the pandemic. Generalized linear mixed models examined changes in BAS subscales (Drive, Fun-Seeking, Reward
Responsiveness); fMRI analyses assessed neural activation in key cortical/subcortical regions. Brain network analysis evaluated functional
connectivity across reward and executive networks. Results revealed a decline across all BAS subscales at Year 2 compared to Baseline, with
more pronounced reductions in BAS Drive among those assessed during the pandemic. Network analysis showed cohesive executive but
variable reward network changes, especially in the right hemisphere. Developmental changes in reward sensitivity were accompanied by shifts
in activation in core reward regions (e.g., nucleus accumbens, caudate, putamen, thalamus), which also varied by age and sex. Findings show
declines in reward sensitivity over time, and reveal subtle but meaningful adaptations in reward-related brain function in relation to the
pandemic, highlighting the need to consider individual differences during adolescence, especially under stress.
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Introduction than for adults, partially due to ongoing development (McCormick
et al,, 2010). The pandemic required rapid adaptation with limited
opportunities for in-person interaction, major changes to schooling
(distanced learning), limitations on sport and other extracurricular
activities, and less access to social support systems (Loades et al.,
2020) at a time of increased anxieties over personal and family
health threats and economic hardships. These factors contributed to
considerable increases in mental health problems among adoles-
cents during the pandemic (Alzueta et al., 2021; Kiss et al., 2022;
Magson et al,, 2021; Zhou et al, 2020). The pandemic and its
associated stressors may have also affected brain development
during sensitive periods such as adolescence (Gotlib et al., 2023),
potentially influencing the maturation of reward system sensitivity —
Corresponding author: Orsolya Kiss; Email: kisorsolia@gmail.com a process known to undergo marked changes during this stage.
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brain-behavior dynamics and pandemic effects. Development and Psychopathology, 1-16, et al, 2011) and a focus on social connections (Foulkes &

https://doi.org/10.1017/S095457942610193X Blakemore, 2016). Reward sensitivity appears to peak in

Early adolescence (ages 10 to 14 years) marks substantial ana-
tomical and physiological maturation, neural reorganization
including a decrease in the cortical gray matter/white matter ratio
(Giedd et al,, 1999), changes in functional network connectivity
(Keller et al., 2023), propensity toward risk-taking (Steinberg,
2010), and social and emotional development (Steinberg, 2005).
Unpredictable, uncontrollable situations, such as the COVID-19
pandemic, challenge coping abilities (Russell & Lightman, 2019)
and increase stress (Ifdil et al, 2021). During adolescence, the
impact of stress may be more enduring and qualitatively different
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adolescence (Galvan, 2010), and those at risk for affective disorders
tend to show reduced neural (Nelson et al., 2016) and behavioral
responses (Spear, 2011) to rewards. Notably, blunted reward
sensitivity can already be observed in early adolescence (Colder
etal, 2013; Hayden & Platt, 2010) and predicts likelihood of future
depressive episodes or symptoms (Forbes et al., 2006). However,
alterations in reward responsivity are not limited to depressive
disorders (Auerbach et al., 2014; Auerbach et al., 2022). Reward
responsivity has also been linked to other psychiatric disorders,
including schizophrenia (Kester et al., 2006), anxiety disorders
(Becker et al., 2017), substance use (Colder et al., 2013), addiction
(Luijten et al., 2017), eating disorders (Bodell et al., 2018), and
symptoms of inattention and hyperactivity—-impulsivity (Toplak
et al., 2005) in adolescence.

Despite the substantial progress in understanding adolescent
reward sensitivity, attempts to characterize its development are
limited by the variety of tasks used across studies. Some studies
compare adolescents to adults (Bjork et al., 2004; Bjork et al., 2007)
or children (May et al., 2004) but are not sensitive to nuanced
longitudinal changes during adolescence, and most use small
sample sizes (Hoogendam et al., 2013; Jarcho et al, 2012; van
Duijvenvoorde et al., 2014), limiting the generalizability. Some
research suggests that adolescents process rewards differently from
both children and adults. Compared to adults, they seek more
intense or frequent rewards to achieve comparable levels of brain
activation (Spear, 2000) and adapt more slowly to varying reward
contingencies (Javadi et al., 2014). This finding aligns with others
that adolescents experience less pleasure from rewarding stimuli
(Gardner, 1999), evidenced by decreased positive affect, increased
negative affect (Larson & Richards, 1997; Reitsema et al., 2022),
and increased sensitivity to negative stimuli (Yuan et al., 2015).
Compared to children, adolescents report less pleasure from
sweetness (Naneix et al., 2016), suggesting that adolescents may
engage in heightened reward-seeking behaviors to compensate for
reduced sensitivity (Spear, 2000).

Overall, the literature indicates that while adolescents and adults
engage similar reward-related brain circuitry (Bjork et al., 2004;
Javadi et al., 2014; May et al., 2004), adolescents show specific
immaturities, such as greater ventral striatal but not dorsal striatal
activation and medial and lateral orbitofrontal cortex activation
during reward-based guessing (May et al., 2004). Neuroimaging
studies using monetary incentive delay (MID) paradigms (Knutson
et al., 2000) show more activation of the nucleus accumbens during
reward anticipation in adolescents relative to adults (Bjork et al.,
2004; Galvan et al,, 2006). This heightened activation, observed
during ongoing prefrontal cortex maturation (Galvan et al., 2006),
aligns with observations of heightened impulsivity and diminished
capacity to regulate reward-driven behaviors (Galvan et al., 2006).
Adolescents are behaviorally and emotionally more reactive to
monetary incentives than adults (Ernst et al., 2005) and are more
sensitive to positive feedback during affective decision making than
adults and children (Cauffman et al., 2010). Bjork et al. (2007) noted
that when the potential penalty in pursuit of an explicit reward is
mild, adolescents do not show significant activation in the posterior
mesofrontal cortex (PMC: supragenual anterior cingulate cortex,
extending into Brodmann’s areas 8, 6, and 32), in contrast to adults
(Bjork et al., 2007). However, during feedback, adolescents do not
show the precuneus activation for large versus small incentives
that adults manifest (Jarcho et al., 2012). During adolescence,
individual differences in maturation of regions involved in reward
(Foulkes & Blakemore, 2018; Mills et al., 2014) can influence reward
sensitivity and related behavior (Bjork & Pardini, 2015). For
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example, delayed maturation of the caudate in children has been
associated with deficiencies in delayed gratification (Castellanos
et al., 2002). This self-reported reward sensitivity level is quantified
via the Behavioral Inhibition and Behavioral Activation (BIS/BAS)
scales (Kim-Spoon et al.,, 2016), with higher behavioral activation
system (BAS) scores linked to greater reward-seeking tendencies,
while imbalanced activation may predispose adolescents to specific
risk profiles (Kim-Spoon et al., 2016).

Within the context of large-scale, longitudinal studies investi-
gating adolescent brain development, the Adolescent Brain
Cognitive Development (ABCD) Study is a key resource for elu-
cidating neural mechanisms of reward. As part of its compre-
hensive protocol, ABCD employs the MID fMRI task to assess
reward anticipation and outcome processes (Casey et al., 2018).
Baseline ABCD analyses (ages 9-10) highlighted robust engage-
ment of classical reward circuitry: the ventral striatum (particularly
nucleus accumbens) and associated regions, such as the orbito-
frontal cortex and anterior cingulate cortex, in response to reward
anticipation (Casey et al., 2018; Chaarani et al., 2021; Hawes et al.,
2021; Martz et al., 2022). This aligns with a broader literature
emphasizing the nucleus accumbens as a critical site for dopa-
minergic signaling linked to impulsivity and reward-driven
behavior during adolescence (Chaarani et al., 2021). Recent
findings based on ABCD data suggested that individual differences
in reward-related activation can help predict trajectories of sub-
stance use (May et al., 2022), emotion regulation (Lichenstein et al.,
2022), and other developmental outcomes (Agarwal et al., 2023).

In summary, as brain reward systems mature during adoles-
cence, they respond differently to rewards compared to children
and adults, are changing in reward sensitivity, e.g., to monetary
incentives, and are linked to the temporal development of pre-
frontal control systems. This brain maturation period is reflected in
typical behavioral patterns during adolescence denoting reward
seeking and emotional imbalance, where individual differences
have been attributed to differences in family, friend, and socio-
economic structures. For example, cross-sectional analyses of
ABCD MID fMRI task data found (1) that blunted reward
processing in the nucleus accumbens is associated with parental
substance use history and family history of alcohol problems
(Kwarteng et al., 2021; Martz et al.,, 2022), (2) that youth with
disruptive behavior disorders show differences in reward-related
brain activation (Hawes et al., 2021), and (3) that neighborhood
socioeconomic disadvantage is linked to blunted striatal recruit-
ment during reward anticipation (Mullins et al., 2020). Prior
studies considering the neural reward sensitivity and the behav-
ioral activation system primarily focused on cross-sectional
analyses (McNeilly et al., 2022), leaving longitudinal changes less
explored. Longitudinal studies reinforce that adolescent reward
processing changes as cognitive control and reward-related net-
works become more efficient (Braams et al., 2015). Finally, the
pandemic and its associated stressors may provide the means to
assess disruption of these brain systems’ maturational processes to
reward and related behaviors.

The current study aims to provide a longitudinal, multimodal
examination of reward-response development from ages 9-10 to
11-12, integrating self-reported reward sensitivity measures with
neural activation during reward anticipation, with or without
introduction of the large-scale stressor of the COVID-19 pandemic
context between assessments. By combining behavioral, neural,
and network-level perspectives, this work seeks to capture multiple
levels of developmental adaptation that are often examined
separately in prior research. Specifically, the study first
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characterizes age-related changes in self-reported reward sensi-
tivity (BAS), then links these behavioral changes to task-based
neural activation patterns and finally explores potential reor-
ganization at the brain network level to reveal broader system-level
dynamics underlying adolescent reward processing. Sex effects on
self-reported reward sensitivity and corresponding neural activa-
tion were also examined. To investigate developmental and
pandemic-related changes at the system level, we incorporated a
brain network analysis. This integrative approach was used to
advance our understanding of reward processing during adoles-
cence, emphasizing the dynamic interplay between biological,
psychological, and environmental factors at this critical stage of
development and in the context of a potential stressor (pandemic).

Methods
Participants

Data were obtained from the US-based, multi-site ABCD Study®
(data version 5.1.0, https://doi.org/10.15154/2563-zd24), of 11,878
children recruited at age 9-10 years in 2016-2018 through 21
research sites spanning 17 states; https://abcdstudy.org/study-
sites)(Garavan et al., 2018) using primarily school-based recruit-
ment to better approximate US demographics (Casey et al., 2018;
Garavan et al., 2018; Hagler Jr et al., 2019). Out of the full ABCD
cohort (N =11,879), imaging data were available for 10,138 par-
ticipants at baseline, with 9,311 retained after exclusion for
imaging artifacts such as motion or poor-quality fMRI data. At
Year 2, fMRI data were available for 7,349 participants, with 6,586
retained after quality control. The subset with valid fMRI data and
complete BAS assessments at both time points comprised 5,405
participants, which served as our analytical sample. Exclusions
were primarily due to missing or low-quality imaging data. Written
informed consent and assent were obtained from a parent/
guardian and the youth, respectively. Procedures were approved by
a centralized institutional review board at (University of California,
San Diego, protocol number: #160091AW). All procedures com-
plied with the Declaration of Helsinki. Compared to the ABCD
cohort, the analytical sample here had more White youth (58% vs.
52%), less Black youth (10.9% vs. 15%), less youth from families
with incomes below $75,000 (37% vs. 40%), and slightly higher
average caregiver education levels (see Table 1).

Measures

Demographics and developmental factors: Sex-at-birth, age,
race/ethnicity of the child, family annual income (below $75,000
vs. $75,000+ annual household income) and research site of the
data collection were taken from the baseline year. For race cat-
egories we used a single categorical variable with the following
groups: White, Black, Hispanic/Latino, Asian, Other, and
Unknown/Not reported.

COVID-19: Participants were grouped based on Year 2 visit
dates: (1) prior to the pandemic versus (2) during the pandemic,
using February 1, 2020, as the onset of the pandemic in the U.S,,
based on WHO’s declaration of COVID-19 as a global health
emergency (Figure S1).

Functional MRI measures: Every 2 years, ABCD participants
undergo multi-modal MRI scans. fMRI tasks include reward
anticipation and receipt (feedback) cues with a MID task (Casey
et al., 2018) to measure reward processing (Casey et al., 2018;
Chaarani et al., 2021) and assesses participants’ reactions to
potential gains or losses. They respond to cues using a button box,

Table 1. Analytic sample characteristics at baseline (mean age: 9.91 years,
range: 8.91-11.08 years)

Variable Current sample Complete ABCD sample

N 5,405 11,879

Biological sex

Male 2,878 (53.2%) 6,196 (52.1%)

Female 2,527 (46.7%) 5,682 (47.8%)
Race

Asian 95 (1.7%) 252 (2.1%)

Black 593 (10.9%) 1,784 (15.0%)

Hispanic/Latino 1,034 (19.1%) 2,411 (20.3%)

(
1,248 (10.5%)
(

Other 547 (10.1%)

White 3,135 (58.0%) 6,178 (52.0%)

Unknown/not reported 1 (0.02%) 5 (0.04%)
Highest parental education

< High school 211 (3.9%) 593 (4.9%)

HS diploma/GED 385 (7.1%) 1,132 (9.5%)

1,339 (24.7%)
1,496 (27.6%)
1,965 (36.3%)

3,079 (25.9%)
3,015 (25.3%)
4,044 (34.0%)

Some college

Bachelor’s degree

Postgraduate degree

Unknown/not reported 7 (0.1%) 14 (0.1%)

Household income

< $74,999 2,013 (37.2%) 4,722 (39.7%)

> =$75,000 3,005 (55.6%) 6,137 (51.6%)

Unknown/not reported 385 (7.1%) 1,018 (8.5%)

aiming to win (or avoid losing) money or based solely on reaction
times - choices are not involved. In “win” scenarios, quick
responses could earn either $5.00 or $0.20, while in “lose” sce-
narios, timely reactions prevent the loss of the same amounts.
“Neutral” trials involve the same actions but without financial
stakes. The task’s structure starts with a visual cue indicating the
trial type, followed by a variable-duration fixation period, and then
a prompt to respond within a specific timeframe that adjusts based
on performance to maintain a 60% accuracy rate. Feedback is
immediately given post-response. The task includes two sessions
(runs). Each session includes 50 trials across five minutes and
forty-two seconds. Participants’ pay reflects task performance,
averaging $20. For more information on the fMRI data pre-
processing see Supplementary Section 1. Key contrasts in the MID
task are activation to large reward versus neutral and to large loss
versus neutral conditions, shown to have robust activation patterns
in the ABCD sample (Chaarani et al., 2021). Subcortical areas
included the amygdala, accumbens, putamen, caudate, thalamus,
and hippocampus. Cortical areas focused on the cingulate gyrus
and sulcus (anterior, middle, posterior, and marginal regions),
insula, middle frontal gyrus, precuneus, and inferior frontal gyrus
(including opercular, triangular, and orbital parts), orbitofrontal
area and the superior frontal gyrus. The anticipation of large
reward/loss versus neutral contrast was chosen because it has been
shown to elicit the most robust and reliable activation within the
reward circuitry — particularly the ventral striatum, orbitofrontal
cortex, and anterior cingulate — across developmental samples
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(Bjork et al., 2004; Chaarani et al., 2021; Demidenko et al., 2024;
Hagele et al.,, 2015; Knutson et al., 2001). ROIs were selected a
priori based on regions consistently implicated in reward
anticipation in the MID task, following prior large-scale and
meta-analytic studies (Chaarani et al., 2021; Knutson et al., 2001;
Wilson et al., 2018).

BIS/BAS scale measures: Drive, fun-seeking, and reward
responsiveness: The Behavioral Inhibition System and Behavioral
Activation System (BIS/BAS) scale includes 20 items corre-
sponding to one BIS subscale and three BAS subscales (Carver &
White, 1994). We used the three BAS subscale scores: Drive (four
items on motivation to engage in goal-directed behavior
(Pagliaccio et al., 2016)), Fun-seeking (four items on inclination
towards spontaneous and enjoyable behaviors), and Reward
Responsiveness (four items on anticipation of, and reaction to
reward-related stimuli (Carver & White, 1994)), with higher scores
reflecting greater drive, a higher tendency to seek novel and
exciting behaviors, and greater responsiveness to rewards,
respectively (range: 0-12 for all scales).

Statistical analysis

Developmental changes in the BAS Scales: In the first step of the
analysis, we aimed to identify developmental changes in BAS scale
scores from Baseline to Year 2 (including both baseline and 2-year
BAS scores), considering effects of participant age at baseline and
whether the Year 2 assessment was performed before or during the
pandemic. We used generalized linear mixed-effect models to
analyze each BAS subscale. The following interaction terms were
included: group-by-visit, where ‘group’ differentiates prior to
versus or during the pandemic and ‘visit’ compares Baseline versus
Year 2, group-by-age measures at baseline and visit by age at
baseline. These interaction terms were designed to explore whether
changes in reward sensitivity varied based on the timing of
assessments (before vs. during the pandemic) and age at baseline
(since participants ranged in age, 9-10 years at baseline).

To control for the diverse demographic composition of the
sample, the models included sex, race, family income, and the time
difference between assessments as fixed effects. The time difference
between baseline and 2-year follow-up was entered as a covariate to
account for variability in the interval between assessments.
Additionally, to account for the repeated measures design and the
ABCD recruitment strategies, we included a random effects
structure with random intercepts for subject ID and research site
nested within family ID. All continuous predictors were stand-
ardized (z-scored) prior to analysis; reported beta coefficients
therefore reflect the predicted change in outcome per 1 SD increase
in each predictor. All statistical analyses were performed using the
Ime4 package in R.

Associations between the behavioral reward sensitivity
measures and the neuroimaging measures: In the next step of the
analysis, we investigated the associations between the behavioral
reward sensitivity measures (BAS scales) and neuroimaging fMRI
data from a subset of preselected ROIs associated with the MID
task. We aimed to explore how neural activity in these ROIs related
to reward sensitivity and how these relationships changed over
time. For each model, we included an interaction term between the
respective BAS scale and Visit (Baseline vs. Year 2) to account for
developmental changes in the associations between reward sen-
sitivity and neural activation. The models included the group
(assessed prior vs. during the pandemic) as a main effect, along
with age at baseline, as a key developmental variable. To control for
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potential confounding effects, we included demographic variables
(race, sex, and family income) and the time difference between
baseline and 2-year follow-up to account for variability in the
interval between assessments. Additionally, we controlled for
potential differences due to the scanner manufacturer (Siemens,
GE, Philips), as the neuroimaging data were collected on different
MRI systems across study sites. The random effects structure
remained consistent with the previous step, incorporating random
intercepts for subject ID and for family ID nested within research
site to account for the repeated measures design.

To address multiple comparisons across the 24 brain regions
examined per predictor, Benjamini-Hochberg (BH) false dis-
covery rate (FDR) correction was applied within each analytic
family (per predictor row across 24 ROI models; (Benjamini &
Hochberg, 1995; Genovese et al., 2002)). Corrected q-values are
reported alongside raw p-values. Findings are interpreted as sig-
nificant where g < 0.05; findings that do not survive correction are
reported with g-values noted and are not interpreted as primary
findings. Effect sizes are reported as standardized beta coefficients.

Neural network approach

We employed a network analysis approach to investigate system-
level developmental changes in neuroimaging measures. The
analysis aimed to capture how functional connectivity between
specific brain ROIs changes between Baseline and Year 2. First, we
calculated the differences in activation measures for each ROI
between these two time points (Year 2 minus Baseline).

To examine the system-level changes, we computed partial
correlations for each pair of activation measures within the set of
ROIs, controlling for all other activation scores. This allowed us to
identify significant (p <.01) relationships between pairs of brain
regions, which reflect functional connectivity. We followed the
method suggested by Borsboom & Cramer (Borsboom & Cramer,
2013) for estimating functional connectivity networks using partial
correlations. This approach is similar to other network-level
approaches adapted to task-evoked fMRI contrasts in prior studies
(Gottlich et al., 2015; Masharipov et al., 2024; Zhao et al., 2023). In
addition, we applied a correlational threshold of |r] >= 0.1 to
ensure that only more robust correlations were included in our
analysis.

The correlations were calculated using a method from the
Python package Pingouin. (Vallat, 2018) For visualization, a
heatmap was used to display the significant functional connectivity
changes between brain regions from Baseline to Year 2. The
heatmap is divided into four quadrants, representing left and right
hemispheres and two functional networks (executive and reward).
Each axis lists specific brain regions (ROIs), and each cell shows the
partial correlation between two regions.

The color scale indicates the strength and direction of corre-
lations, with red for positive correlations and blue for negative
correlations. Darker colors represent stronger correlations, while
lighter or blank cells indicate weaker or non-significant correla-
tions. This heatmap provides a clear overview of how connectivity
between brain regions evolves over time, revealing developmental
changes in functional networks.

To examine system-level changes in the context of the
COVID-19 pandemic, we conducted an additional analysis on a
subset of the sample, comparing the brain network of those
assessed during the pandemic (N = 1,318) with a matched control
group (N = 1,318) of participants who had their Year 2 assessment
prior to the pandemic. The control group was matched on socio-
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demographic factors (age, sex, race, parental education) so that
differences in functional connectivity could be assessed. These
comparisons were also visualized using heatmaps. Additional
covariates were not included, as the pairwise partial correlation
approach (controlling for all other regions) already accounts for
shared variance, and adding covariates could increase model
complexity and bias connection weights.

Results

Developmental changes in the Behavioral Activation System
(BAS) scales

Time of assessment was associated with a consistent decrease in
scores across all BAS subscales, with lower scores observed in
Year 2 compared to Baseline. For BAS Drive, scores were lower in
Year 2 compared to Baseline (}2 =65.14, p <.01) (Figure 1A).
Similarly, BAS Reward Responsiveness (Figure 2) showed a
decrease from Baseline to Year 2 (2 =413.17, p <.01, f = 1.65
Baseline relative to Year 2), reflecting a decline in motivation.
BAS Fun Seeking also followed this pattern, with lower scores in
Year 2 (2 =678.76, p < .01) than at Baseline (f = 2.11 Baseline
vs. Year 2, Figure 3A), indicating reduced tendencies toward
seeking novelty or fun over time. The timing of the assessments
(Year 2 assessment before or during the pandemic) was also
associated with differences across the BAS scales. BAS Drive was
slightly lower for those assessed during the pandemic (y2 =6.77,
p=.009,9=0.013, f=—0.94) (Figure 1A). BAS Fun Seeking was
slightly higher (¥2 =4.12, p =.042, ¢ =0.105), however, this did
not survive FDR correction and is not interpreted as a significant
finding. The effect of timing (before vs. during the pandemic) on
BAS Reward Responsiveness was not significant after FDR
correction (y2 =3.21, p=.073, f = —0.08, g = 0.146).

Males reported higher BAS scores than females on all three
subscales: BAS Drive (y2 =64.98, p <.01, § = —0.51 Females vs.
Males) (Figure 1B), BAS Reward responsiveness (y2 = 13.39,
p<.01, p = —0.20 Females vs. Males) (Figure 2) and BAS Fun
Seeking (x2=33.27, p<.01) (Figure 3B, f = —0.34 Females
vs. Males).

There was a significant interaction between visit and age at
baseline on BAS Drive (y2 =20.48, p < .01, g < 0.001, § = —0.21).
Younger participants (those younger than the mean age at base-
line) demonstrated a higher BAS Drive at Baseline compared to
older participants, but this difference diminished by Year 2
(Figure 1C). No significant age-related effects were observed for
BAS Motivation or BAS Fun Seeking.

Longitudinal changes and associations between the self-
reported reward sensitivity measures and the neuroimaging
measures

Looking into the changes from Baseline to Year 2 (Figure S2),
increased activation was observed in the left precuneus (p =.001,
q=0.006, § = 0.01). Increased activation in the left nucleus
accumbens area (p=.039, ¢=0.234) and the right precuneus
(p =.040, g =0.240) did not survive FDR correction. Decreased
activation was observed in the left putamen (p =.001, g = 0.006,
B = —0.01), the right caudate (p <.001, g < 0.001, f = —0.01), and
the right putamen (p <.001, g <0.001, f = —0.02). Decreased
activation in the left caudate (p =.013, g =0.052) did not survive
FDR correction. With respect to the pandemic, there were no
significant differences between the groups assessed before or
during the pandemic.

Higher BAS Drive was not significantly associated with any brain
region after FDR correction during the ‘anticipation of a large reward’
versus ‘neutral’ task conditions. Uncorrected associations were
observed in the right hippocampus (p = .012, g = 0.288), left amyg-
dala (p=.045, g=0.432), left precuneus (p =.048, g=0.432), left
inferior frontal gyrus (p=.049, q=0.432), right superior frontal
gyrus (p =.031, g = 0.372), and right middle frontal gyrus (p = .049,
q = 0.432); however, none survived FDR correction, and these are not
interpreted as primary findings.

The analysis identified interactions between BAS Drive and Visit
(Baseline vs. Year 2) in multiple brain regions (Figure 4).
Specifically, interactions were found in the left caudate (p =.017,
q=0.041, = —0.01), left putamen (p = .004, ¢ = 0.016, = —0.01),
left thalamus (p =.016, g =0.041, f = —0.01), left cingulate gyrus
(p=.023, 9 =0.046, f = —0.01), left inferior frontal gyrus (p =.020,
q=0.041, § = —0.01), left middle frontal gyrus (p =.001, g = 0.024,
p = —001), left superior frontal gyrus (p=.011, q=0.033,
p = —0.01), right cingulate gyrus (p =.020, g=0.041, f = —0.01),
right middle frontal gyrus (p =.009, g=0.036, § = —0.01), right
superior frontal gyrus (p = .003, g = 0.024, f = —0.01), right caudate
(p=.004, g=0.016, f = —0.01), and right hippocampus (p =.020,
q=0.041, § = —0.01), however interactions in right putamen
(p=.041, g=0.074, § = —0.01) and right thalamus (p =.045,
q=10.076, f = —0.01) did not survive FDR correction. These results
indicate that participants with higher BAS Drive showed more
pronounced differences in brain activation between the two visits. In
contrast, participants with lower BAS Drive exhibited relatively
stable activation patterns across both visits, suggesting that changes
in neural responses to reward anticipation over time are more
evident among individuals with higher BAS Drive.

The BAS Reward Responsiveness score showed a positive
uncorrected association with activation in the right nucleus
accumbens area (p =.026, ¢ =0.312, f# = 0.02); however, this did
not survive FDR correction and is not interpreted as a primary
finding.

Our analysis identified significant interaction effects between
the BAS Reward Responsiveness scale and Visit (Baseline vs.
Year 2) across several regions of interest during the anticipation of
large rewards versus neutral stimuli (Figure 5). These regions
include the left caudate (p=.005, ¢=0.020, § =—-0.02), left
putamen (p =.001, g =0.008, § = —0.01), left thalamus (p =.001,
q=0.008, § = —0.01), left cingulate gyrus (p=.015, q=0.030,
B = —0.01), right cingulate gyrus (p =.013, g=0.026, f = —0.01),
right nucleus accumbens (p =.010, g =0.026, f = —0.02), right
caudate (p =.004, g =0.016, § = —0.02), right putamen (p =.001,
q=0.008, § = —0.01), and right thalamus (p =.013, q=0.026,
p=—0.01). The following regions showed uncorrected associations
that did not survive FDR correction and are not interpreted as
primary findings: left insular gyrus (p =.027, ¢ = 0.065, f = —0.01),
left inferior frontal gyrus (p=.039, 4=0.078, f = —0.01), left
middle frontal gyrus (p=.041, q=0.078), right insular gyrus
(p=.027,q=0.065, p = —0.01), and right hippocampus (p =.029,
q=0.065, f = —0.01). The observed interactions suggest that
reward sensitivity, as measured by the BAS Reward Responsiveness
scale, is associated with developmental changes in neural activity
across these regions. These interaction between BAS Reward
Responsiveness and Visit (Baseline vs. Year 2) consistently
revealed that the differences between the two visits were more
pronounced and variable at the lower end of the BAS Reward
Responsiveness scale across multiple regions, suggesting that
developmental changes in reward sensitivity are more noticeable in
individuals with lower initial responsiveness.
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For the BAS Fun Seeking scale, there was no main effect on any
of the regions analyzed. An uncorrected interaction between BAS
Fun Seeking and Visit (Baseline vs. Year 2) was observed in the left
inferior frontal gyrus (p =.041, g=0.984, § = —0.01) (Figure 6);
however, this did not survive FDR correction and is not interpreted
as a significant finding.

Sex differences in activation patterns

Female adolescents had lower activation compared to male ado-
lescents in the left putamen (p=.012, § = —0.01) and right
putamen (p =.016, f = —0.01), while exhibiting higher activation
in the left middle frontal gyrus (p=.014, § = 0.01) and the left
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Baseline

superior frontal gyrus (p=.019, f# = 0.01) when anticipating
rewards compared to neutral outcomes.

System-level developmental changes in the brain-network
approach

As shown in Figure 7, the network analysis revealed coordinated
patterns of change in brain activation between Baseline and Year 2,
reflected in partial correlations between difference scores across

Year 2 individual dots represent outliers.

regions of interest (ROIs). Overall, the observed correlations were
in a positive direction. The darker cells (Figure 7), particularly in
the left hemisphere executive network, suggest more synchroni-
zation of brain activity with developmental changes (LH mean
r=0.25, connection density of 0.66, RH mean r = 0.23, connection
density of 0.5), with regions like the middle frontal gyrus (MFG),
superior frontal gyrus (SFG), and precuneus (PREC) showing
stronger correlations and more closely aligned developmental
trajectories. In contrast, the reward-related areas exhibited fewer
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Figure 4. The interaction between BAS drive and visit (Baseline vs. year 2) on brain activation across several regions of interest during reward anticipation. Each panel depicts the
relationship between BAS drive and brain activation in a specific region. The blue lines represent activation patterns at year 2, while the red lines show activation at baseline.

Shaded areas represent the 95% confidence intervals.

robust correlations (LH mean r = 0.09, connection density of 0.20,
RH mean r=0.09, connection density of 0.19), indicating that
developmental changes in this network became less synchronized
over time.

The interhemispheric correlations, shown along the diagonals
indicate that some regions in the executive network had relatively
stronger consistency over the 2-year period. Notably, areas such as
the caudate (r=0.66), the precuneus (r=0.62), and the frontal
gyrus (MFG r=0.48, SFG: r=0.61) displayed stronger self-
correlations between the left and right hemispheres, suggesting
more synchronized bi-hemispheric development across these
regions. In contrast, regions like the inferior frontal gyrus (IFG:
mean r=0.23) and the insula, particularly the short insula
(r=0.19), and the amygdala (r = 0.33) exhibited self-correlations
in the change from baseline to year 2, indicating interhemispheric
specialization or segregation of developmental changes between
hemispheres. Some parts of the cingulate cortex also appeared to be
less synchronized between the two hemispheres, with weaker
correlations compared to the anterior (r=0.61) or posterior
regions (mean r = 0.54).

System-level differences in the pandemic

This analysis compared the portion of the sample that completed
their 2-year follow-up during the pandemic with a portion of
demographically matched participants who were assessed for their

2-year follow-up prior to the pandemic. Figure 8A and 8B illustrate
how the correlations between brain regions in the reward network
differed between participants assessed prior to the pandemic and
those assessed during the pandemic (for more information see
Supplementary section 2).

The figures show widespread differences in correlations
between the two assessments between the group assessed during
the pandemic and the one assessed pre-pandemic. Figure 8 A shows
that stronger correlations during the pandemic were concentrated
in the executive networks (LH: mean r=0.013, RH: mean
r=—0.009), especially in the right hemisphere (with a connection
density (number of connections/nodes A 2) of 0.27 for positive and
0.22 for negative edges; overall density: 0.5). The reward network in
the left hemisphere had higher connection density (0.23) than in
the right hemisphere (0.18), and it exhibited significant reor-
ganization, as reflected by the appearance and disappearance of
edges (Figure 8B). The differences observed in the during-
pandemic group versus the prior-pandemic group are aligned with
the overall developmental patterns reflected in Figure 8.

Discussion

This study provides a multimodal examination of reward response
in adolescents, integrating both self-reported reward sensitivity
measures and neural activation patterns. The results highlight
several important patterns in self-reported reward sensitivity
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across time, pandemic status, and sex. Across all subscales of the
BAS - Drive, Motivation, and Fun Seeking - participants exhibited
a consistent decline from Baseline to Year 2, suggesting a general
reduction in reward sensitivity over time, as shown by others
(Zhou & Neale, 2024). Importantly, self-reported reward sensi-
tivity was associated with distinct patterns of neural activation,
particularly in response to reward anticipation. Higher BAS Drive
scores were linked to reduced activation in key limbic and reward-
processing regions, including the right hippocampus, left amyg-
dala, and left inferior frontal gyrus, while increased activation was
observed in the right superior and middle frontal gyri; however,
these associations did not survive FDR correction and should be
interpreted with caution. Moreover, developmental changes in
BAS Drive were accompanied by significant interactions with
neural activation in multiple reward-related brain regions,
including the caudate, putamen, thalamus, and cingulate cortex,
further highlighting the evolving neural basis of reward sensitivity.
Similarly, BAS Reward Responsiveness was positively associated
with activation in the right nucleus accumbens, a core reward-
processing region; however, this did not survive FDR correction
and is not interpreted as a primary finding. Interaction analyses
further revealed that developmental changes in BAS Reward
Responsiveness were accompanied by significant shifts in neural
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Figure 7. This heatmap illustrates synchronized
changes in brain activation between baseline
and year 2 across pairs of regions of interest
(ROIs). Each cell represents a partial correlation
between the activation change scores (Year 2
minus baseline) of two brain regions, controlling
for all other regions in the network. To highlight
robust relationships, only correlations with |r| >
0.1 and p < .01 are shown. The dictionary for the
labels is provided in supplementary section 3.

activity across multiple regions, including the caudate, putamen,
thalamus, and cingulate cortex. Notably, the relationship between
BAS Reward Responsiveness and brain activation was more
variable at lower levels of reward sensitivity, suggesting that
adolescents with reduced reward responsiveness undergo more
pronounced changes in neural function over time. In contrast, BAS
Fun Seeking did not show direct associations with neural activation
in most regions, and the interaction with time in the left inferior
frontal gyrus also did not survive FDR correction).

The network-level analysis provided additional insights into the
broader functional organization of these changes. Over time, the
executive network exhibited increased synchronization, particu-
larly in the left hemisphere, where regions such as the middle and
superior frontal gyri and the precuneus showed stronger con-
nectivity. In contrast, the reward network displayed weaker and
less synchronized correlations. The system-level differences
observed in the during-pandemic group versus the prior-pandemic
group are aligned with the overall developmental patterns, which
can potentially reflect an accelerated brain maturation in the group
of participants who were assessed during the pandemic. Our
findings suggest that, while structural changes during this period
may be pronounced (Gotlib et al., 2023), neurofunctional changes,
particularly in reward processing, were nuanced, reflecting subtle
effects of the pandemic on brain development.

Our results about a decline in reward sensitivity across a 2-year
period of early adolescence align with the findings of Vervoort et al.
(2015) who studied 546 adolescents from the United States. They
found that reward sensitivity (as measured by the BAS) decreased
during early adolescence: participants aged 6-11 years consistently
showed higher values than those aged 12-18 years. This pattern
suggests a decline in behavioral activation tendencies over this
developmental period. In contrast, Urosevic et al. (2012) found
that BAS scores increased from early to late adolescence, declining
in the early twenties, and Braams et al. (2015) found no significant
age-related changes in BAS scores in a sample across a broad age
range (8.01-25.95 years) (Braams et al., 2015). The inconsistencies
in the literature may result from cohort effects, differences in the
samples®® and in the applied BAS definitions (Pagliaccio et al.,
2016). Our finding of a decline in the BAS system could be partially
explained by normative developmental shifts in social-affective
processing (Crone & Dahl, 2012), environmental stressors
(Berghorst et al., 2013), or emerging responsibilities that redirect
focus away from immediate rewards (Eccles et al., 2013). The
interaction we found between Visit and age is aligned with this and
indicates that this decline may have begun earlier in participants
who were older at baseline, whereas younger participants
experienced a more pronounced decrease in BAS Drive between
the two timepoints.
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Figure 8. Comparison of connectivity patterns in the reward network between participants assessed prior to, or during, the pandemic. The left matrix (A) represents the
correlation differences between regions in the reward network, with red cells indicating stronger correlations during the pandemic and blue cells representing weaker
correlations. The right matrix (B) visualizes the emergence or disappearance of functional connections, where positive values (red) indicate new connections evident in the group
who had their year 2 visit during the pandemic but not in the group who had their year 2 visit pre-pandemic, and negative values (blue) represent connections that did not appear
when the year 2 visit occurred during the pandemic but were evident in the group that had their year 2 visit pre-pandemic. The dictionary for the labels is provided in

supplementary section 3.

This decrease in the BAS system over time was particularly
marked in the group who had their 2-year follow-up during the
pandemic, which could reflect potential influences of large-scale
disruptions linked with the pandemic and associated regulations
on motivational systems (Martin, 2023; Ravens-Sieberer et al.,
2021). For instance, Magson et al. (2021) reported that younger
adolescents (mean age around 13-15) exhibited declines in
psychosocial functioning and increased vulnerability to external
stressors during the pandemic period. Ravens-Sieberer et al. (2021)
showed that quality of life and mental health - including aspects of
motivation and engagement - declined after the onset of the
pandemic in younger adolescents (Ravens-Sieberer et al., 2021).
Participants assessed before the pandemic showed slightly higher
BAS Drive than those assessed during the pandemic, suggesting
that the pandemic context may have suppressed goal-directed
activity (Loades et al., 2020). Reduced social interactions, cancel-
lations of extracurricular activities, and restrictions on movement
likely contributed to fewer opportunities for pleasure-seeking and
socially rewarding pursuits (Rodman et al., 2024).

The sex differences, present across the BAS subscales, suggest
that biological sex is associated with distinct patterns of behavioral
activation. Consistent with previous research, males in our sample
showed higher BAS Drive scores (Jorm et al., 1998) than females,
indicating that males tend toward more goal-driven behaviors
(Jorm et al., 1998) and often show greater novelty- or sensation-
seeking (Cross et al., 2013; Shulman et al.,, 2015). However, the
evidence is not entirely consistent, and recent research found no
significant differences between biological sex and BAS subscale
scores (Jung et al., 2022), indicating that sex differences may be

more pronounced at certain stages of adolescence and can vary
across contexts.

Changes in neural activation from Baseline to Year 2 were
found in several regions during the MID, with increased activation
in the left nucleus accumbens, left cingulate gyrus, and bilateral
precuneus, while decreased activation was observed in the left and
right caudate and putamen. These patterns indicate that reward
processing in the brain continues to undergo significant matura-
tion during early adolescence, potentially reflecting adaptive
responses to environmental and social contexts (Casey et al., 2008;
Steinberg, 2010).

Looking at the associations between brain activation and self-
reported reward sensitivity measures, the findings highlight a
broad neural network that spans subcortical structures (e.g., dorsal
and ventral striatum, hippocampus) and cortical areas (e.g., frontal
gyri, precuneus) during reward anticipation related to drive-
related behaviors. Specifically, higher BAS Drive was associated
with negative activation in regions such as the left amygdala, left
precuneus, and right inferior frontal gyrus, while positive asso-
ciations emerged in the left and right putamen, left middle and
superior frontal gyri, right hippocampus, and right superior frontal
gyrus. The BAS Reward Responsiveness score was also associated
with distinct activation patterns, particularly in the right nucleus
accumbens, a region integral to reward processing (Cho et al., 2013;
Galvan et al,, 2006). These results align with previous research
demonstrating that greater reward sensitivity is linked to increased
activation in both cortical and subcortical regions (Silverman et al.,
2015) involved in reward processing and goal-directed behavior,
particularly during adolescence, when reward systems are still
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maturing and are sensitive to both intrinsic and extrinsic moti-
vational cues (Walker et al., 2017). Notably, while the thalamus and
insula significantly influence nucleus accumbens activity during
reward processing in both adolescents and adults (Cho et al., 2013),
these networks are also dynamic and continue to mature over time,
potentially shaping how reward sensitivity manifests across dif-
ferent developmental stages.

The interaction between BAS Drive and Visit (Baseline vs. Year 2)
in multiple brain regions suggests that changes in reward-related
neural responses over time are more pronounced in individuals with
higher initial drive. Participants with higher BAS Drive exhibited
greater shifts in neural activation across visits, whereas those with
lower BAS Drive showed more stable patterns. Similarly, there were
significant interactions between BAS Reward Responsiveness and
Visit across several brain regions, showing more pronounced
differences at the lower end of the BAS Reward Responsiveness
scale. This may indicate that individuals with a stronger goal-
oriented drive experience more dynamic changes in reward
processing during adolescence, while adolescents with initially
lower reward responsiveness exhibit greater neural variability over
time. These findings align van Duijvenvoorde et al. (2016), who
showed that reward processing in frontal and striatal regions
evolves markedly during the teenage years, with more pronounced
differences in those who report stronger sensation-seeking or
higher motivational drive. Similarly, Braams et al. (2015) reported
that individual differences in approach-related traits predict
greater developmental shifts in striatal responses to rewards
during adolescence. In a broader sense, these patterns may also
reflect a developmental adjustment in response to changing
motivational cues or shifting environmental contexts, such as the
changes in social connectedness (Blakemore, 2012; Crone &
Dahl, 2012).

Sex differences were also observed, with female adolescents
showing lower activation in the left and right putamen but higher
activation in the left middle and superior frontal gyri compared to
males. These findings contribute to the growing body of literature
highlighting sex differences in reward processing (Vermeersch
et al.,, 2009), suggesting that females and males may engage dif-
ferent neural circuits during reward anticipation or engage nodes
differently within the same fronto-striatal reward circuit. A pre-
vious study examining the sex differences in ABCD participants
neuronal activation at baseline and Year 2 during the MID task
found that males exhibited higher neural reward sensitivity than
females with pubertal stage not significantly associated with neural
activation during reward anticipation or feedback, suggesting that
age-related brain development, rather than puberty alone, pri-
marily drives reward processing in early adolescence (Barendse
et al,, 2024). This suggest these sex differences are potentially
driven by other biological age-related or social factors
(Spreckelmeyer et al., 2009).

The network analysis revealed that executive areas in both
hemispheres appears to demonstrate more cohesive developmental
changes (van Drunen et al.,, 2023), with stronger and more con-
sistent correlations between regions. The reward network, how-
ever, shows more variability, with weaker and less consistent
developmental shifts, particularly in the right hemisphere. These
findings highlight that different networks and brain regions may
undergo distinct patterns of development during the transition
from Baseline to Year 2, with developmental effects slightly more
emphasized in the context of the pandemic. However, these
changes were subtle and not very widespread. To our knowledge,

Orsolya Kiss et al.

no other study has examined the longitudinal changes in brain
function using functional MRI data within the context of the
pandemic. Prior research indicates that the COVID-19 pandemic
and associated lockdowns had significant impacts on adolescent
brain development, mainly reflected in widespread structural
changes, such as accelerated brain maturation (Gotlib et al., 2023),
particularly in females (Corrigan et al., 2024), as well as reduced
cortical thickness (Corrigan et al., 2024) (e.g. medial prefrontal
cortex (van Drunen et al,, 2023)) and larger hippocampal (van
Drunen et al.,, 2023) and amygdala volumes (Gotlib et al., 2023).

Given that many adolescents experienced increased depressive
symptoms, negative affect, and loneliness during the pandemic
(Barendse et al., 2023) the subtle functional changes found in the
current analysis, particularly in reward processing, may reflect the
brain’s adaptive responses to heightened emotional challenges
during times of crisis (Masten, 2011).

This study had several strengths, including a diverse and
relatively large sample and the ability to control for relevant
covariates. Furthermore, we successfully linked brain-level reward
processing effects to self-reported reward outcomes, providing a
more comprehensive understanding of the observed develop-
mental processes. However, several limitations should be con-
sidered and addressed in future research. First, our design focused
exclusively on ROIs previously identified in the literature as
potential targets. While this approach enhances specificity, it limits
the exploration of other neural regions that may also play a role.
Second, although the sample size was relatively large, it is not
representative of the U.S. population, which limits the general-
izability of our findings. Future studies should aim for broader and
more representative samples to better capture population-wide
trends. To address the complexity of multiple comparisons,
Benjamini-Hochberg FDR correction was applied within each
analytic family (behavioral models, brain-behavioral ROI models,
and network analyses). The core findings reported in this paper
survive this correction. Nonetheless, larger studies with replication
samples are needed to confirm these findings, particularly those
that approached but did not reach significance after correction.

Family income was measured at baseline and may not reflect
potential changes in socioeconomic circumstances over the two-year
follow-up period. It is also possible that regional variation in COVID-
19 burden and related stressors influenced participants” experiences.
Although this was beyond the scope of the present analyses, prior
work in the ABCD cohort has examined such effects in more detail
(Marshall et al., 2022). Moreover, pandemic-related disruptions in
ABCD data collection may have introduced cohort effects that
influence participation and developmental trajectories (Saragosa-
Harris et al., 2022); however, our analytic approach helps partially
distinguish cohort-related influences from age-related patterns. We
acknowledge the inherent limitations of task-based fMRI, including
challenges in the reliability and stability of activation estimates,
particularly in developmental cohorts (Demidenko et al., 2024;
Kennedy et al, 2022). Recent multiverse analyses have further
demonstrated that analytic decisions — such as contrast selection,
motion correction, and model parameterization — can significantly
influence test-retest reliability in the MID task (Demidenko et al.,
2024). In the current study, only data passing ABCD quality-control
thresholds for motion and framewise displacement were included.
Analytic decisions were carefully discussed with neuroimaging
experts (including co-authors with extensive experience in the ABCD
imaging pipeline) and were guided by prior literature using the MID
task in developmental samples. Analyses were further restricted to
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well-validated task contrasts (Demidenko et al., 2020) and regions of
interest consistently implicated in reward and executive control
processes.

Furthermore, our confirmatory factor analysis indicated
coherent covariance among regions within the reward network,
supporting construct validity even in the context of expected
developmental variability.

Despite these limitations, the findings provide meaningful
insights into the neural and behavioral mechanisms underlying
developmental processes, laying the groundwork for future
investigations.

Conclusions

This study provides a comprehensive examination of reward
processing in adolescents, integrating self-reported reward sensi-
tivity measures with neural activation patterns. The findings
highlight dynamic changes in reward sensitivity and neural
responses during adolescence, with significant influences of age,
sex, and the unique context of the COVID-19 pandemic. The
observed declines in reward sensitivity over time, particularly
among younger adolescents during the pandemic, underscore the
profound impact of large-scale disruptions on motivational sys-
tems and brain development. These changes were paralleled by
nuanced functional shifts in brain regions associated with reward
processing, suggesting that adolescence is marked by ongoing
maturation of neural networks in response to both intrinsic and
extrinsic factors.

Sex differences in reward-related neural activation further
emphasize the importance of considering biological and social
influences in studying developmental trajectories. Notably, the
interaction between reward sensitivity and time revealed that
individuals with higher initial drive experience more pronounced
changes in neural activity, while those with lower reward
responsiveness show greater variability.

While subtle, the functional changes observed during the
pandemic complement evidence of structural brain alterations,
highlighting the adaptability of the adolescent brain under
heightened emotional and environmental challenges. These results
highlight the individual differences in reward processing,
emphasizing that normative developmental changes are not nec-
essarily uniform. To better support those who may be more vul-
nerable, it is essential for future research and interventions to
address these variations especially in the context of major stressors
experienced.
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