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ABSTRACT

BACKGROUND: Exposure and sensitivity to early-life stress (ELS) are related to increased risk for psychopathology in
adolescence. While cross-sectional studies have reported blunted nucleus accumbens (NAcc) activation in the
context of these associations, researchers have not yet assessed the effects of ELS on developmental trajectories
of activation. We examined whether trajectories are affected by stress and the moderating role of biological sex in
predicting vulnerability to symptoms of psychopathology.

METHODS: Adolescents (n = 173) completed 3 assessments at 2-year intervals across puberty (ages 9-18 years). At
baseline, we assessed objective ELS and stress sensitivity using the Traumatic Events Screening Inventory for
Children. At all time points, we assessed NAcc activation using the Monetary Incentive Delay task and externalizing,
internalizing, and total problems using the Youth Self-Report. We examined correlations between NAcc trajectories
(extracted using linear mixed-effects models) with ELS and stress sensitivity and conducted multivariate regression
analysis to examine the interaction of NAcc trajectories and biological sex in predicting symptoms of psychopathology.
RESULTS: Symptoms increased over adolescence. Stress sensitivity, but not objective ELS, was associated with
decreasing trajectories of NAcc activation. Biological sex interacted with NAcc trajectories to predict psychopathology;
boys, but not girls, with decreasing NAcc activation had more severe externalizing problems in adolescence. These
findings were replicated in the putamen and caudate but not in the medial prefrontal cortex or control brain regions.
CONCLUSIONS: NAcc activation may be a sex-specific marker of externalizing problems in adolescence. Efforts to
reduce stress sensitivity may help to decrease symptoms of psychopathology in adolescent boys.

https://doi.org/10.1016/j.biopsych.2024.01.011

Early-life stress (ELS) is alarmingly prevalent (1,2). Nearly 40% of
children in the United States have a Child Protective Services

with reward processing is the nucleus accumbens (NAcc) (12).
Perhaps not surprisingly, therefore, researchers have docu-

investigation prior to age 18 (3), and over 13% of children have
confirmed maltreatment (4). These cases reflect more severe
forms of ELS such as abuse or neglect; far more children expe-
rience moderate levels of ELS, such as being bullied, experiencing
financial strain, or moving. Importantly, however, not all children
respond similarly to stressors in their environment.

Objectively assessed ELS affects a range of domains
including physical health (2) and cognitive performance (5) and
is associated with various forms of psychopathology (6,7).
Stress sensitivity, the tendency to have an outsized subjective
response to stressors, has also been linked to psychopathol-
ogy (8,9). Importantly, girls tend to be more reactive to
stressors in their environment than boys (10). Furthermore,
whereas girls are more likely to develop internalizing problems
such as depression and anxiety, boys are more likely to
experience externalizing problems such as disruptive behav-
ioral disorders (11).

ELS has also been found to alter reward processing during
adolescence. The brain region that is associated most strongly
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mented associations between ELS and alterations in NAcc
activation during adolescence. Numerous cross-sectional
studies have reported anomalous NAcc activation during
reward tasks in participants who have experienced ELS (13).
For example, Mehta et al. (14) found that previously institu-
tionalized adolescents had blunted NAcc activation during the
anticipation of reward versus the anticipation of nonreward.
Furthermore, activation in the NAcc was blunted in adoles-
cents, but not in children, who had experienced more severe
ELS (15). Adults who experienced more severe ELS have also
been found to have decreased activation in the NAcc (16,17).
Notably, additional factors such as prenatal exposure to
nicotine (18) are also associated with blunted NAcc activation,
and the summarized literature is not experimental. Therefore,
while these studies provide a contextual framework for how
ELS may affect the brain and symptoms of psychopathology,
they do not imply causality. Although Ho et al. (9) found that
greater stress sensitivity was related to poorer white matter
coherence in the right frontal uncinate fasciculus in
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adolescents, no study has yet examined the relationship be-
tween stress sensitivity and brain function.

Several investigators have linked alterations in reward cir-
cuitry to psychopathology in adolescence. For example, Goff
et al. (15) reported that decreased NAcc activation was asso-
ciated with more severe symptoms of depression. Similarly,
Hanson et al. (19) reported that the relationship between
emotional neglect and depressive symptoms was partially
mediated by decreased activation in the ventral striatum in
adolescents. There have also been equivocal findings in this
area. Whereas Hawes et al. (20) found that children with
disruptive behavioral disorders had blunted NAcc activation,
Bjork et al. (21) found that adolescents with externalizing dis-
orders had greater NAcc activation than healthy control par-
ticipants. Yau et al. (22) reported that in children with a parent
with alcoholism, but not in control participants, NAcc activa-
tion was positively related to externalizing problems. Finally,
using data from the Adolescent Brain Cognitive Development
(ABCD) Study, Schettini et al. (23) found that boys with smaller
right NAcc volumes had more externalizing problems.

It is important to note that almost all these studies are
cross-sectional. Few researchers have conducted repeated
assessments of neural activation, and even fewer have
described trajectories of NAcc activation in adolescents (see
Table S1 for a list of the design and contrasts for each study).
Thus, it is possible that alterations in reward circuit activation
precede the onset of psychopathology. For example, high-risk
youths have been found to have decreased activation in the
reward response compared with control participants (24,25),
although researchers have not yet elucidated the timing and
developmental course of these effects. The current study was
designed, in part, to address this issue.

Adolescence is characterized by protracted brain develop-
ment in the striatum and by an increase in symptoms of psy-
chopathology, both of which have been linked to exposure to

Table 1. Characteristics of the Sample by Biological Sex

Nucleus Accumbens Activation and Externalizing Problems

ELS. We hypothesized that participants who experienced more
severe objective ELS and exhibited greater stress sensitivity
would have attenuated NAcc activation across adolescence,
which in turn would increase their risk for symptoms of psy-
chopathology. We also examined whether biological sex and
NAcc activation interact to predict subsequent internalizing
and externalizing problems. Importantly, other brain regions
have been implicated in ELS and in psychopathology. There-
fore, we also analyzed activation in the putamen, caudate, and
medial prefrontal cortex (mMPFC) in addition to control regions.

METHODS AND MATERIALS

Participants and Procedure

A total of 225 adolescents from the San Francisco Bay Area
participated in a longitudinal study assessing the effects of ELS
on psychobiological development. At time 1, participants were
between ages 9 and 13 years, and boys and girls were matched
on pubertal status (therefore, boys were older than girls on
average at all assessments) (Table 1). Participants returned for
a second (time 2) and third (time 3) follow-up assessment at
approximately 2-year intervals (Figure 1). At all 3 time points,
parents or legal guardians provided written consent and chil-
dren provided verbal assent to participate in the study. The
Stanford Institutional Review Board approved all study
procedures.

The current study included participants who completed the
ELS interview, underwent functional magnetic resonance im-
aging (fMRI), and self-reported symptoms of psychopathology.
For more information regarding exclusion criterion for the study
and fMRI data, see Recruitment and Exclusion Criterion in the
Supplement. Our core analysis strategy —longitudinal mixed-
effects modeling using maximum likelihood estimation—
allowed us to fully utilize all available data (173 participants
who completed at least 1 time point).

Variable Boys, n =70 Girls, n = 103 Statistic, p Value
Race

Asian/Asian American 7 (10.0%) 14 (13.6%) %25 = 3.40, p = .638

Biracial 17 (24.3%) 18 (17.5%)

Black/African American 6 (8.6%) 5 (4.9%)

Hispanic/Latin-X 4 (5.7%) 10 (9.7%)

Other Race 5 (7.1%) 6 (5.8%)

White 31 (44.3%) 50 (48.5%)
Pubertal Status Time 1 1.94 (0.70) 2.08 (0.80) ti71 = —1.14, p = .256
Income-to-Needs Ratio Time 1 1.30 (0.53) 1.26 (0.57) t149 = 0.52, p = .602
Objective Early-Life Stress 6.98 (4.65) 6.26 (5.08) ti791 = 0.94, p = .348
Stress Sensitivity —0.17 (0.62) 0.04 (0.51) tiz1 = —2.41,p=.017
Age at Time 1, Years 11.88 (0.93) 11.18 (1.06) t130 = 3.82, p < .001
Age at Time 2, Years 13.76 (1.04) 13.10 (1.19) t115 = 2.91, p = .004
Age at Time 3, Years 15.81 (0.99) 15.32 (1.17) ti00 = 2.59, p = .011
Total Problems at Time 1 38.51 (21.30) 37.29 (22.89) ti71 = 0.35, p =.723
Internalizing at Time 3 10.79 (7.32) 17.32 (9.51) tiap = —4.32, p < .001
Externalizing at Time 3 11.14 (6.95) 11.57 (8.07) ti32 = —0.32, p = .747

Values are presented as n (%) or mean (SD).
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Figure 1. Distribution of age across time points. Each row is a different
participant. Red dots are time 1, green dots are time 2, blue dots are time 3.
The top section shows participants with usable scan data at 1 time point
followed by those who had 2 and 3 usable scans, respectively.

For descriptions of the assessment of income-to-needs
ratio and pubertal staging, see Income-to-Needs Ratio and
Pubertal Assessment in the Supplement.

ELS Assessment

We administered the Traumatic Events Screening Inventory for
Children (26) at baseline, obtaining information about 30
different stressors in childhood in addition to an open-ended
question. If a stressor was endorsed, participants reported
their subjective severity rating indicating how scared they felt
at the time of the stressor. Coders who were blinded to the
interview determined the objective severity of each event using
a modified version of the UCLA Life Stress Interview coding
system (27). Agreement among coders was high (intraclass
correlation coefficient [ICC] = 0.99) (28). The severity of ELS
was calculated based on the sum of the maximum score of
each type of stressor reported so as to not give too much
weight to the scores of participants who reported many events.
The prevalence of objective ELS in our sample is presented in
Table S2.

Stress sensitivity was calculated by residualizing a child’s
cumulative subjective stress severity score from the panel’s
cumulative objective stress severity score (i.e., variance in
subjective ratings after regressing out objective ratings).
Negative values indicate low stress sensitivity or a reduced
stress response; positive values indicate high stress sensitivity
or a heightened stress response (9).

Youth Self-Report

Participants completed the Youth Self-Report (YSR) (29). This
112-item questionnaire indexes the severity of problems
experienced over the last 6 months measured on a 3-point
scale (0, not true; 2, very true or often true). These items
yield total raw scores for internalizing, externalizing, and total
problems (see Figure S1 for the distribution of scores across
time points). Internalizing problems are calculated by summing
the anxious/depressed, somatic complaints, and withdrawn
subscales. Externalizing problems are calculated by summing
the aggressive behavior and rule-breaking behavior subscales.

Biological
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MRI Scan Acquisition

Scanning sequences were acquired using a 3T MRI scanner
(Discovery MR750 scanner; GE Healthcare) equipped with a
32-channel head coil (Nova Medical). See MRI Scan
Acquisition in the Supplement for information about the
acquisition parameters and see Scanner Upgrade/COVID-19
Status in the Supplement for information about controlling for
COVID-19 data collection status and the scanner upgrade,
hereby referred to as collection status.

Monetary Incentive Delay Task

Children completed a child-friendly version of the Monetary
Incentive Delay (KIDMID) task at each time point. The
rewarding stimulus (typically monetary) was replaced with
points redeemed for prizes (Figure S2) (30). Monetary tasks
have reliably been found to recruit the NAcc during reward in
children, adolescents, and adults (30,31). The KIDMID task
consists of 72 pseudorandomized 6-second trials (locked to 3-
volume acquisitions). Participants viewed an incentive cue,
anticipated the incentive, responded to the target, and viewed
the trial outcome (+5; *0). For information regarding the
procedure, missed trials, reaction time, and performance, see
KIDMID Procedure and Performance on the KIDMID task in the
Supplement (Table S3).

We examined the bilateral NAcc to probe reward circuitry.
We used an 8-mm sphere; the center coordinates are based on
Wu et al. (32). We converted the center coordinates from
Talairach space to Montreal Neurological Institute space using
the icm2mni function (https://www.brainmap.org/icomz2tal/).
The NAcc coordinates (x = £12, y = 12, z = —7) are from a
meta-analysis of 27 studies of reward anticipation (31). We
assessed activation in 3 additional reward regions spanning
the striatum and prefrontal cortex (putamen, caudate, and
mPFC) and 6 control regions spanning parietal, default mode,
and visual areas (angular gyrus, cingulate gyrus [posterior di-
vision], occipital fusiform gyrus, occipital pole, and inferior
frontal gyrus opercularis and triangularis) to examine the
specificity of our findings to NAcc activation (see Reward-
Related ROIs and Control Regions in the Supplement)
(Figures S6 and S7).

Preprocessing

We preprocessed the functional images using fMRIprep
version 20.2.1 (33). fMRIPrep aligns anatomical and functional
images, resamples functional data into the desired template
space, applies slice-timing correction, identifies motion out-
liers, and derives regressors such as white matter and cere-
brospinal fluid. Details regarding the preprocessing are
discussed in Preprocessing in the Supplement. We conducted
additional standard preprocessing steps using AFNI version
18.2.04 (34), presented in AFNI| Preprocessing in the
Supplement. Then, we extracted percent signal change for the
NAcc by calculating the mean signal across the whole task and
then subtracting the mean from the activation at each volume
acquisition (or repetition time) and dividing by the mean signal
to derive a continuous measure of percent signal change.
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Statistical Analyses

Sample Characteristics. All analyses were conducted
using R version 4.0.2. First, we characterized the sample in
terms of demographic and clinical variables, examining bio-
logical sex differences in our measures of interest.

Time Course and Whole-Brain Analysis. We analyzed
the time course data across hit and missed trials (Figure S3)
and conducted whole-brain analysis at each time point (see
Whole-Brain Analysis in the Supplement and Figure S4) to
ensure that the KIDMID task recruited the NAcc.

Stability of NAcc Activation. We tested the stability (reli-
ability) of neural activation in the NAcc over the 4-year period in
both conditions and contrasts using ICC (calculated based on
2-way mixed-model; 3,k) (35).

We conducted a series of linear mixed-effects models and
extracted each individual’s estimated intercept and slope
(referred to as the trajectory) of NAcc activation and of inter-
nalizing and externalizing problems across adolescence. We
winsorized estimated neural trajectories to minimize the impact
of extreme cases (see Sensitivity Analysis: Non-Winsorized
Values in the Supplement). All analyses controlled for collec-
tion status, and we applied the Bonferroni correction to ac-
count for multiple comparisons (adjusted p value = .017). The
models used for the primary analyses are presented in
Equations in the Supplement.

Primary Analysis. First, we examined whether greater
objective ELS and stress sensitivity predicted decreasing
NAcc trajectories. Next, we assessed the main effect and
interaction between NAcc trajectories and biological sex in
predicting symptoms of psychopathology. Finally, we exam-
ined whether greater objective ELS and stress sensitivity pre-
dicted more severe internalizing and externalizing problems in
adolescence. In the presence of a significant main effect or
interaction, we conducted post hoc analyses to determine
whether findings were specific to internalizing or externalizing
problems. In the presence of a significant interaction involving
biological sex, we conducted a follow-up simple slope analysis
to examine whether the findings were significant in boys and/or
girls. A schematic with our primary statistical framing and
findings is presented in the Supplement (Figure S5).

Supplemental Analysis. To ensure that our findings were
insensitive to modeling decisions, we conducted sensitivity
analyses 1) examining raw psychopathology and T scores at
time 3 (see Sensitivity Analysis: Time 3 YSR Data in the
Supplement), 2) using nonwinsorized NAcc values (see
Sensitivity  Analysis:  Non-Winsorized Values in the
Supplement), and 3) examining only the 63 participants with
usable data at all 3 time points (see Sensitivity Analysis:
Missing at Random in the Supplement). In exploratory ana-
lyses, we examined whether objective ELS and stress sensi-
tivity were related to the NAcc intercept and whether NAcc
trajectories interacted with biological sex to predict trajectories
of internalizing or externalizing problems.

Finally, to examine the specificity of activation to the NAcc,
we examined activations in 3 additional reward-related regions

Nucleus Accumbens Activation and Externalizing Problems

(putamen, caudate, mPFC) and 6 control regions (angular gy-
rus, cingulate gyrus [posterior division], occipital fusiform gy-
rus, the occipital pole, and inferior frontal gyrus opercularis and
triangularis).

RESULTS

Sample Characteristics

Demographic characteristics and sample means are presented
in Table 1. The sample is representative of the broader San
Francisco Bay Area population (i.e., racially and ethnically
diverse, high income). Information about handedness, distri-
butions of the YSR (Figure S1), and relations of objective ELS
and stress sensitivity with demographic variables is presented
in Demographics and Stress Variables in the Supplement.

Time Course and Whole-Brain Analysis

Across all trials, time course analyses revealed that there was
greater activation in the NAcc during the anticipation of reward
than during the anticipation of nonreward (time 1: t145 = 5.64, p
< .001; time 2: t15, = 10.01, p < .001; time 3: t1905 = 8.32, p <
.001) (Figure S3). Across hit trials, there was greater activation
in the NAcc during the receipt of reward than the receipt of
nonreward (time 1: 145 = 3.73, p < .001; time 2: t1o, =3.12,p =
.002; time 3: t196 = 2.73, p = .007) (Figure S3). The whole-brain
analysis displaying activation in the NAcc during the KIDMID
task at each time point is presented in Figure S4.

Stability of NAcc Activation

Across all trials, the anticipation of reward versus anticipation
of nonreward contrast had an ICC value of 0.32 in the NAcc.
This value is weak to modest but suggests shared variance in
signal over time (see Discussion for a more nuanced review of
relevant issues). However, there was very poor reliability of the
receipt of reward versus receipt of nonreward contrast (ICC =
0.08) across all trials (and 0.04 across hit/correct trials). These
values for anticipation are consistent with ICC values that have
been reported in other longitudinal fMRI studies (36,37) and are
higher than those in the ABCD dataset, which has an explicit
objective of modeling longitudinal brain activation (38). Given
our interest in the longitudinal development of reward circuitry
(focus on shared variance across development), we examined
the anticipation of reward versus anticipation of nonreward
contrast in all subsequent analyses.

Development of Psychopathology and NAcc
Activation

When controlling for collection status and biological sex,
internalizing (B = 0.11, p = .025) and externalizing (8 = 0.12,p =
.014) problems increased across adolescence. Furthermore,
there was a main effect of biological sex on internalizing
problems such that girls had more severe problems than boys
(B =0.30, p = .014). Internalizing and externalizing problems in
adolescence were significantly correlated in both boys (r =
0.62, p < .001) and girls (r = 0.68, p < .001). NAcc activation
during the anticipation of reward versus the anticipation of
nonreward did not increase significantly across adolescence
(B =0.11, p = .054).
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Stress, NAcc Trajectories, Biological Sex, and
Psychopathology

Greater stress sensitivity (3 = —0.15, p = .043), but not
objective ELS (B = 0.09, p = .258), predicted decreasing NAcc
trajectories. There was a significant interaction of biological
sex and NAcc trajectories in predicting psychopathology (8 =
0.10, p < .001) even after controlling for baseline total prob-
lems. The interaction was significant for externalizing (3 = 0.43,
p = .002), but not for internalizing (3 = —0.08, p = .528),
problems. Follow-up simple slope analysis indicated that boys
(B = —0.28, p < .001), but not girls (B = 0.12, p = .210), with
decreasing NAcc trajectories had greater externalizing prob-
lems in adolescence (Figure 2). Finally, objective ELS ( = 0.06,
p = .008) and stress sensitivity (8 = 0.05, p = .019) predicted
more severe symptoms of psychopathology. Specifically,
objective ELS predicted internalizing (8 = 0.23, p = .002) and
externalizing (B = 0.18, p = .016) problems, whereas stress
sensitivity only predicted internalizing problems (3 = 0.18, p =
.014; externalizing: B = 0.04, p = .634). Consistent with the
MacArthur framework, we did not test for mediation given that
there was no significant association between stress sensitivity
and externalizing problems in adolescence (39).

Supplemental Analysis

We obtained a similar pattern of findings when using raw and T
scores from time 3 (see Sensitivity Analysis: Time 3 YSR Data
in the Supplement) and nonwinsorized values (see Sensitivity
Analysis: Non-Winsorized Values in the Supplement). We
also reran our primary analyses including only participants with
usable data across all 3 time points (who did not differ on
demographic, clinical, or neural measures at baseline) (see
Attrition in the Supplement) and obtained a similar pattern of
results (see Sensitivity Analysis: Missing at Random in the
Supplement), suggesting that our results were insensitive to
the missing data assumption: missing at random (40).

Exploratory analyses examining the NAcc intercept and
trajectories of psychopathology are presented in Exploratory
Analyses in the Supplement.

Biological
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We obtained a similar pattern of findings in the putamen and
caudate as we observed in the NAcc. Specifically, trajectories
of activation in these regions were related to stress sensitivity,
and decreasing activation predicted more externalizing prob-
lems in boys (see Reward-Related ROlIs in the Supplement).
Trajectories of activation across the NAcc, putamen, caudate,
and mPFC during the anticipation of reward versus anticipation
of nonreward were correlated (rs = 0.17-0.87) except for the
mPFC and caudate (r = 0.12, p = .121). Importantly, we did not
observe a similar pattern of findings in the mPFC or control
brain regions (see Reward-Related ROIls and Control Regions
in the Supplement), underscoring the specificity of our find-
ings concerning stress sensitivity, biological sex, and exter-
nalizing problems to activation in the striatum.

DISCUSSION

ELS has been found to be related to alterations in reward
circuitry and an increased risk for developing psychopathol-
ogy. Here, we built on previous research by conducting and
analyzing data from repeated assessments over adolescence
and by examining both objectively assessed ELS and partici-
pants’ sensitivity to stress. In a series of longitudinal analyses,
we found that internalizing and externalizing problems
increased across adolescence. Furthermore, we found that
stress sensitivity, but not objectively assessed ELS, was
associated with a higher NAcc intercept and decreasing tra-
jectories of NAcc activation over adolescence. Finally,
adolescent boys, but not girls, with decreasing NAcc activation
exhibited more severe externalizing problems in adolescence.
We found the same pattern of results in the putamen and
caudate, highlighting the role of the striatum in stress sensi-
tivity and risk for developing externalizing problems in
adolescent boys.

Researchers have posited that ELS is characterized by
blunted NAcc activation in adolescence (14,15); however, re-
searchers have not examined longitudinal patterns of NAcc
activation and the effects of stress sensitivity. Although our
findings require replication, they provide important insights

Figure 2. Decreasing nucleus accumbens (NAcc)
trajectories predict externalizing problems in boys.
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concerning NAcc activation and the development of psycho-
pathology across development.

Investigators have posited that rates of maturation in ado-
lescents are different in the striatum than they are in regions
like the prefrontal cortex (41), possibly contributing to higher
sensation seeking and impulsivity, and to diminished top-down
control, in adolescence (42). In fact, whereas the prefrontal
cortex is characterized by protracted brain development into
adulthood (43), during adolescence there are increases in
dopamine (41) and high levels of NAcc activation (44). Although
speculative, the observed positive association between stress
sensitivity and NAcc intercepts at age 9 may reflect stress
acceleration, which makes it more difficult for children to
control externalizing-related problems.

Our findings complement research showing that adoles-
cents and adults with attention-deficit/hyperactivity disorder
have blunted task-related NAcc activation (45-47). Our find-
ings also extend findings reported by Hawes et al. (20) that
adolescents with a sole diagnosis of disruptive behavioral
disorders have more blunted NAcc activation than adolescents
who also have callous-unemotional traits. We found that
decreasing NAcc activation over adolescence, which may
reflect insensitivity to reward, predicted the development of
externalizing problems in boys. Relatedly, adolescents who
were exposed to higher stress were less sensitive to reward in
a decision-making task (48). If boys experience decreasing
sensitivity to reward over adolescence, it may contribute to the
increased impulsivity and sensation seeking that have been
documented in adolescents with more severe externalizing
problems (49) (see Hyperactivation in the NAcc in the
Supplement).

Notably, our findings complement results reported by
Hanson et al. (19) that blunted NAcc activation in a sample of
children and adolescents mediated the relationship between
emotional neglect and depressive symptoms. Because stress
sensitivity was not related to externalizing problems in the
current study, we did not conduct a mediation analysis;
nevertheless, both studies highlight the importance of con-
ducting longitudinal fMRI assessments, and both studies
implicate blunted activation in reward regions as a risk factor
for the development of subsequent psychopathology.

We also assessed the temporal stability of percent signal
change in the NAcc during the KIDMID task. We found low
stability of the anticipation of reward versus anticipation of
nonreward contrast. Certainly, this is an important consider-
ation in interpreting our findings, but we should note that our
reliability coefficients are comparable to that reported by
Braams et al. (44), who assessed NAcc activation in 8- to 27-
year-old participants twice over 2 years. In fact, the ABCD
dataset has lower stability than we do here (38). It is possible
that in longitudinal fMRI studies, repeated administrations of
the same task desensitizes participants to the stimuli (50),
leading them to habituate to the stimuli over time. Notably,
participants in our sample felt less excited toward our reward
cue across time (see Post-Scan Questionnaires in the
Supplement). Altering perceptual components may decrease
habituation but introduce methodological challenges.

Low ICC values may reflect neurodevelopmental changes
over time in our sample. The approximately 4-year interval
spanned by our assessments encompasses a large portion of
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adolescence. Reward processing and, specifically, the stria-
tum undergo profound changes during this period [e.g., (44)],
which may contribute to the discrepancies in blood oxygen
level-dependent signal across time points. Distinguishing the
contribution of methodological difficulties from true develop-
mental changes is a crucial task for longitudinal studies [see
Herting et al. (51) for a review of test-retest reliability in longi-
tudinal task-based fMRI]. For a more detailed discussion of
ICC, see Neural Stability Considerations and Suggestions for
Improving Stability in Longitudinal Neuroimaging Studies in
the Supplement.

We should note some limitations of this study. First, we had
a community sample that did not experience the most severe
levels of ELS. Experiences of more severe abuse and neglect
likely have stronger effects on psychopathology and neural
activation; thus, assessing trajectories of reward circuitry in
more severely maltreated youths is an important direction for
future research. Second, we conducted a number of statistical
tests; the relationship between stress sensitivity and the tra-
jectory of NAcc activation was small and did not survive
correction for multiple comparisons, thereby underscoring the
need to examine these constructs in larger samples. In addi-
tion, despite our efforts to ensure a robust and reliable signal,
the ICC value for the NAcc in our study was low, although this
may, in part, reflect developmental changes. In addition, while
we think that our study yields important insights concerning
the impact of stress sensitivity on adolescent reward pro-
cessing and symptomatology, our findings should neverthe-
less be interpreted with caution. Finally, we focused on the
NAcc in this study. Although we conducted supplemental an-
alyses examining the putamen, caudate, mPFC, and several
control regions, future researchers with larger samples should
examine the longitudinal effects of ELS and stress sensitivity
on different brain networks.

Despite these limitations, our study has several significant
strengths, including the longitudinal examination of trajectories of
neural activation from childhood through adolescence, which
allowed us to assess intraindividual variability and development
more dynamically than is done by cross-sectional assessments
and to analyze dimensionally both objectively assessed ELS and
stress sensitivity. By indexing symptoms of psychopathology at
younger ages, we hope to improve the identification of samples at
risk for developing clinically significant symptoms at older ages.
Early prevention efforts may alleviate the experience of stress
across development.

Conclusions

Conclusions drawn from cross-sectional examinations of
NAcc activation in adults speak to the adverse effects of ELS
decades after exposure to the stressors. Conducting longitu-
dinal fMRI assessments in adolescents promises to advance
our understanding of neurodevelopment because we are
capturing changes in activation while teens are still in a
stressful environment or relatively shortly after exposure to the
stressor. Most studies conducted to date have assessed as-
sociations of ELS with reward brain regions cross-sectionally;
in contrast, we collected and analyzed neuroimaging and
behavioral data from 3 time points, which allowed us to assess
longitudinal relationships among ELS and stress sensitivity,
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trajectories of reward-related brain activation, and symptoms
of psychopathology. Our findings indicate that elucidating
trajectories of reward circuitry over adolescence is important
for understanding the development of externalizing problems,
particularly in adolescent boys.
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Table 1S. Studies Examining Reward.

Study Task Contrast / condition Finding
Goff et al., 2013 Emotional Faces task Happy and Fear NAcc is blunted with
Face conditions higher ELS

Mehta et al., 2010

Boecker et al., 2014

Hanson et al., 2015

Hanson, Hariri, &
Williamson 2015

Gotlib et al., 2010

Luking et al., 2016

Bjork et al., 2010

Yau et al., 2012

Braams et al., 2015

Monetary Incentive
Delay Task

Monetary Incentive
Delay Task
Card-guessing task

Card-guessing task

Monetary Incentive
Delay Task

Card-Guessing Task

Monetary Incentive
Delay Task

Monetary Incentive
Delay Task

Gambling Task

Anticipation of
Reward vs.
Anticpation of Non-
Reward

Monetary vs. Verbal
contrast

Win (positive) vs.
Loss (negative)
feedback

Positive vs. Negative
feedback contrast

Anticipation of
Reward vs.
Anitcipation of Non-
Reward and Receipt
of Reward vs.
Receipt of Non-
Reward

Reward vs. Neutral
contrast

Receiving vs. not
Receiving Rewards

Anticipation of
Reward vs.
Anticipation of Non-
Reward and
Anticipation of Loss
vs. Anticipation of
Non-Loss

Wins vs. Losses

NAcc is blunted with
higher ELS across
middle and high
rewards

NAcc is blunted with
higher ELS

Males with greater
ELS exhibited lower
activation in the
ventral striatum
Decreased ventral
striatum activation
mediated relation
between emotional
neglect and
internalizing
symptoms

High-risk youth have
decreased ventral
striatum activation
compared to controls.

High-risk youth have
decreased ventral
striatum activation
compared to controls.
Adolescents with
externalizing
disorders showed
greater NAcc
activation compared
to controls.

Children with a
parent with
alcoholism exhibited
a positive association
between
externalizing
problems and NAcc
activation.

NAcc activation
peaks in adolescence




Schreuders et al.,
2018

Insel & Somerville,
2018

Plichta et al., 2009

Scheres et al., 2007

Strohle et al., 2008

Gambling Task

Magnitude Tracking
Task

Monetary
intertemporal choice
paradigm

Monetary Incentive
Delay Task

Monetary Incentive
Delay Task

Wins vs. Losses

High Gains vs. Low
Gains

Immediate and
Delayed Choices

Anticipation of
Reward vs.
anticipation of non-
Reward
Anticipation of
Reward vs.
anticipation of non-
Reward

NAcc activation
peaks in adolescence
Negative association
between gain
magnitude tracking
and age

Adults with ADHD
had blunted NAcc
activation
Adolescents with
ADHD had blunted
NAcc activation

Adults with ADHD
had blunted NAcc
activation

Additional Background

While several studies have shown that ELS is associated with aberrant reward circuitry

activation cross-sectionally, no researchers have examined trajectories of activation, which is

important for advancing our understanding of the effects of ELS on neurodevelopment through

childhood and adolescence. In this context, Novick and colleagues (2018) highlighted the

neurobiological overlap of stress and reward processing, postulating that reward circuitry is

involved in mediating the association between ELS and subsequent psychopathology. Indeed,

Dillon et al. (2009) and Goff et al. (2013) provided evidence that decreased activation in the

putamen and NAcc, respectively, are associated with greater symptoms of depression. Further,

Hanson, Hariri, and Williamson (2015) reported that the relation between emotional neglect and

depressive symptoms is partially mediated by decreased ventral striatum activation. These

researchers speculate that treatment targeting reward processing and positive affect will be

particularly effective (Hanson, Hariri, and Williamson 2015).

It is important to note that aberrant activation in reward circuitry may precede the

development of internalizing and externalizing symptoms, given that high-risk youth have been

found to have decreased activation in the reward response compared to control participants



(Gotlib et al., 2010; Luking et al., 2016); however, we do not yet understand the timing and
developmental course of these systems. Indeed, researchers have generally used cross-
sectional study designs to examine relations among ELS, psychopathology, and reward circuitry
activation. Consequently, we know little about the onset of internalizing and externalizing
symptoms as a consequence of having experienced and reacted to ELS and whether the
aberrant reward processing documented in cross-sectional studies persists or changes over

adolescence.

Recruitment and Exclusion Criterion

Children were recruited to participate in the study through media advertisements and
flyers. Children were excluded from participating in the study if they had a history of a
neurological disorder or major illness, had contraindications for participating in an MRI scan
(e.g., non-removable metal), were not fluent English speakers, had cognitive or physical
challenges that interfered with their ability to participate in study procedures, or, for females, had
the onset of menses prior to the baseline assessment. Participants’ fMRI data were excluded for
a variety of reasons, including excessive motion (Time 1: n=44; Time 2: n=21; Time 3: n=10),
errors in the raw timing files (Time 1: n=5; Time 2: n=3; Time 3: n=0), and poor engagement
measured via a hit rate <30% (Time 1: n=7; Time 2: n=0; Time 3 n=2). In total, 146, 123, and
107 participants had usable fMRI data at Times 1, 2, and 3, respectively. Three participants
withdrew from the study at baseline and, therefore, were excluded. Regarding behavioral data,
those missing the ELS interview (n=2), a stress sensitivity score (n=5), or the YSR at baseline

(n=7) were excluded.

Income-to-Needs Ratio
We measured socioeconomic status by calculating the income-to-needs ratio for each

participant. Participant’s parents reported on their annual household income in bins (1: <$5,000,



2: $5,001-$10,000, 3: $10,001-$15,000, 4: $15,001-$25,000, 5: $25,001-$35,000, 6: $35,001-
$50,000, 7: $50,001-$75,000, 8: $75,001-$100,000, 9: $100,001-$150,000, 10: =$150,000). We
divided the midpoint of their reported income bin by the low-income value for Santa Clara
County. Importantly, this considers the number of people in the home and the time period in

which the study occurred (https://www.huduser.gov/portal/datasets/il/il2017/2017summary.odn;

(1))

Pubertal Assessment

Pubertal status was examined via the Tanner Staging Questionnaire (2). Stage 1 is pre-
pubertal, stage 2 marks the onset of puberty, stages 3 and 4 indicate more pronounced
development, and stage 5 indicates full pubertal development. We averaged the two self-
reported measures to yield an average index of pubertal development. Boys and girls were pre-

pubertal at baseline on average and did not differ significantly in their pubertal stage (see Table

1),

MRI Scan Acquisition

We collected whole-brain functional scans throughout the task using a T2*-weighted
gradient pulse sequence (43 oblique slices, TR=2 seconds, TE=30 ms, flip angle=77°,
resolution=3.2 x 3.2 x 3.0 mm voxels, interleaved acquisition, total scan time=8:20 minutes). In
addition, we acquired a high-resolution spoiled gradient echo (SPGR) T1-weighted anatomical
scan (TR=6.3 ms, TE=2.4 ms, flip angle=12°, resolution=0.90 mm isotropic, scan time=5:16

minutes) for registration of the functional data.



Table 2S. Prevalence of Objective ELS in the Study Sample.

Type of ELS Prevalence
Experience accident 22%
Witness accident 24%
Natural disaster 5%
Experience illness 29%
Witness illness 52%
Death of someone close 32%
Separation due to work / travel 9%
Moving 48%
Divorce 30%
Separation due to rehab / prison 16%
Witness mental illness 23%
Witness self-harm 7%
Physical abuse 5%
Threats of physical abuse 2%
Bullying 34%
Kidnapping 2%
Animal attack 6%
Domestic violence (non-physical) 40%
Domestic violence (threat) 3%
Domestic violence (physical) 9%
Legal trouble 1%
Witness stranger arguments 5%
Witness stranger fights 1%
Witness war 3%
Victim of sexual abuse 2%




Witness sexual abuse 0.005%
Emotional abuse 6%
Neglect 6%
Financial troubles 14%
Financial (other) 8%
Community instability 13%
Mugging 4%

Note: Domains from the Traumatic Events Screening Inventory for Children.

Scanner Upgrade/COVID-19 Status

The 3T Discovery MR750 scanner was upgraded to an Ultra High-Performance System
on March 16th, 2020. This coincided with the COVID-19 pandemic, in which in-person research
sessions were temporarily halted. Twenty-six participants (18 of whom had usable scan data)
completed their Time 3 session after the scanner upgrade and following COVID-19 shelter-in-
place orders. Therefore, we controlled for this in all analyses assessing neural activation at the

third timepoint using a binary dummy-coded variable referred to as “collection status”.

Demographics and Stress Variables

Approximately half of the sample was female and the majority were right-handed (n=156
right-handed; n=13 left-handed; n=1 ambidextrous; n=3 missing data). Although there were no
sex differences in objective ELS (p=.339), girls were more sensitive to stressors than were boys
(t=-2.32, p=.022). Objective ELS and stress sensitivity were not related to pubertal stage at
baseline (all ps>.053). There was a negative association between objective ELS and income-to-
needs ratio (r=-0.31, p<.001). There was no relation between objective ELS and age at baseline
(p=.670). Further, stress sensitivity was not related to income-to-needs ratio (p=.980) or age at

baseline (p=.085).
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Figure 18. Distribution of Youth-Self-Report Scores Across Adolescence.
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Note. x-axis is age across 3 timepoints; y-axis is raw YSR problems. Solid lines reflect each
participant measured across time. The red line is the trajectory for girls and the blue line is the
trajectory for boys. The density plots on the top are for age and the density plots on the right are
for the measure of interest (i.e., total problems, internalizing, externalizing).

16.4% of the sample had T-scores of 65 or greater on internalizing or externalizing
problems at Time 3. These figures are consistent with base rates reported in the
general population (Merikangas et al., 2009). Further, 67.6% of the sample increased in
internalizing or externalizing problems across adolescence, as indexed by a positive

slope.



Figure 2S. Child-Friendly Monetary Incentive Delay Task.

Cue
Anticipation
Target
X Outcome
500 me A

2000-2500 ms
160-350 ms

Note. Example of a successful reward trial.

KIDMID Procedure

Participants completed two practice rounds of the KIDMID task outside of the scanner to
determine the difficulty of the task (20 trials to determine the difficulty for the second practice, 32
trials to determine the difficulty for the scanner) and to ensure they were familiar with the task
prior to scanning. Participants were given a button box and responded with their dominant hand.
There were four different conditions: reward, loss, non-reward, and non-loss. Reward and non-
reward trials were indicated by circle cues, and loss and non-loss trials were indicated by
square cues. If participants responded to a circle-cue target in time, they would successfully win
points (+5; +0 for non-reward condition). If participants did not respond to a square-cue target in
time, they would lose points (-5; -0 for non-loss condition). Reaction time was adjusted using a

staircase procedure to ensure that participants’ hit rate was 66% across all conditions.

Performance on the KIDMID Task
We examined hit rate (number of hits/total number of trials) and reaction times for all

trials. In addition, we assessed participant’s overall performance and affect towards cues across



all timepoints. We used participant’s hit rate as a proxy for engagement. Participants performed

well on the KIDMID task on average. Because of the staircase procedure used to determine the

difficulty for participants, there were no differences in their hit rates across reward or loss trails

at any of the three timepoints (all ps>.050); however, participants responded faster to reward

trials than to loss trials at all three timepoints (Time 1: {(146)=2.06, p=.041; Time 2: {(122)=2.49,

p=.014; Time 3: {(107)=2.44, p=.016).

Table 3S. Behavior on the KIDMID Task.

Variable

M (SD)

Hit Reward Trials T1

Hit Loss Trials T1

Hit Reward Trials T2

Hit Loss Trials T2

Hit Reward Trials T3

Hit Loss Trials T3
Reaction Time Reward T1
Reaction Time Loss T1
Reaction Time Reward T2
Reaction Time Loss T2
Reaction Time Reward T3
Reaction Time Loss T3
Total Performance T1
Total Performance T2

Total Performance T3

70.89% (15.42%)
66.91% (16.20%)
71.41% (12.40%)
68.26% (13.33%)
73.61% (11.65%)
68.58% (13.35%)
224.99 ms (35.41 ms)
229.07 ms (36.07 ms)
221.18 ms (27.13 ms)
225.61 ms (29.04 ms)
223.47 ms (26.97 ms)
227.96 ms (24.83 ms)
46.02 points (33.37 points)
48.98 points (25.44 points)
52.36 points (24.85 points)

Note. T1=Time 1, T2=Time 2, and T3=Time 3; ms=milliseconds.
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Preprocessing

We implemented Advanced Normalization Tools (ANTs v.2.2.0; Avants et al., 2008) to
adjust for intensity non-uniformity and to skull-strip the T1w anatomical scan. Next, brain tissue
was segmented into gray matter, white matter, and CSF with fast from the FMRIB Software
Library (FSL v.5.0.9; Smith et al., 2004; Zhang et al., 2001). We applied recon_all in Freesurfer
(v.6.0.1; Dale et al., 1999) to reconstruct the brain surface and applied volume-based spatial
normalization to the MNIPediatricAsym age-appropriate cohort (Cohort 4 age range 7.5-13.5 for
Time 1 and Cohort 6 age range 13.5-18 for Time 2 and Time 3; Fonov et al., 2011). We applied
normalization using antsRegistration. Next, an unwarped reference volume was created, and
the fMRI data were skull-stripped. The BOLD reference was co-registered to the T1w reference
with 6 degrees of freedom using bbregister from FreeSurfer (Greve & Fischl, 2009). We
estimated head motion with FSL's MCFLIRT (Jenkinson et al., 2002) and slice-time corrected
BOLD runs using 3dTshift from Analysis of Functional Neuroimages (AFNI v.20160207; Cox &
Hyde, 1997). Motion outliers were identified as frames with more than 0.5 mm framewise
displacement, or 1.5 standardized derivative of root mean square variance over voxels (Power
et al., 2014; Smyser et al., 2011). Participants were excluded if over 20% of their volumes were
marked as outliers. Further, we conducted motion censoring. Specifically, if any task volume
was flagged as a motion outlier, the value was dropped from the analysis (i.e., percent signal
change values with a motion outlier were replaced with “N/A” in the statistical analysis). In
addition to identifying motion outliers, we rigorously quality-checked all raw and preprocessed
data at all three timepoints to ensure that the scans included in the analysis did not have

excessive motion or artifacts.
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fMRIPrep (version 20.2.1)
Anatomical Data Preprocessing

A total of 1 T1-weighted (T1w) images were found within the input BIDS dataset. The
T1-weighted (T1w) image was corrected for intensity non-uniformity (INU)
with N4BiasFieldCorrection (Tustison et al. 2010), distributed with ANTs 2.3.3 (Avants et al.
2008, RRID:SCR _004757), and used as T1w-reference throughout the workflow. The T1w-
reference was then skull-stripped with a Nipype implementation of
the antsBrainExtraction.sh workflow (from ANTSs), using MNIPediatricAsym:cohort-4 as target
template. Brain tissue segmentation of cerebrospinal fluid (CSF), white-matter (WM) and gray-
matter (GM) was performed on the brain-extracted T1w using fast (FSL 5.0.9,
RRID:SCR_002823, Zhang, Brady, and Smith 2001). Volume-based spatial normalization to two
standard spaces (MNIPediatricAsym:cohort-4, MNI152NLin2009cAsym) was performed through
nonlinear registration with antsRegistration (ANTs 2.3.3), using brain-extracted versions of both
T1w reference and the T1w template. The following templates were selected for spatial
normalization: MNI’s unbiased standard MRI template for pediatric data from the 4.5 to 18.5y
age range [RRID:SCR_008796; TemplateFlow ID: MNIPediatricAsym:cohort-4], ICBM 152
Nonlinear Asymmetrical template version 2009c [Fonov et al. (2009), RRID:SCR_008796;
TemplateFlow ID: MNI152NLin2009cAsym],
Functional Data Preprocessing

For each of the 1 BOLD runs found per subject (across all tasks and sessions), the
following preprocessing was performed. First, a reference volume and its skull-stripped version
were generated using a custom methodology of fMRIPrep. Susceptibility distortion correction
(SDC) was omitted. The BOLD reference was then co-registered to the T1w reference
using flirt (FSL 5.0.9, Jenkinson and Smith 2001) with the boundary-based registration (Greve
and Fischl 2009) cost-function. Co-registration was configured with nine degrees of freedom to

account for distortions remaining in the BOLD reference. Head-motion parameters with respect

12



to the BOLD reference (transformation matrices, and six corresponding rotation and translation
parameters) are estimated before any spatiotemporal filtering using mcflirt (FSL 5.0.9,
Jenkinson et al. 2002). BOLD runs were slice-time corrected using 3dTshift from AFNI
20160207 (Cox and Hyde 1997, RRID:SCR _005927). The BOLD time-series (including slice-
timing correction when applied) were resampled onto their original, native space by applying the
transforms to correct for head-motion. These resampled BOLD time-series will be referred to
as preprocessed BOLD in original space, or just preprocessed BOLD. The BOLD time-series
were resampled into standard space, generating a preprocessed BOLD run in
MNIPediatricAsym:cohort-4 space. First, a reference volume and its skull-stripped version were
generated using a custom methodology of fMRIPrep. Several confounding time-series were
calculated based on the preprocessed BOLD: framewise displacement (FD), DVARS and three
region-wise global signals. FD was computed using two formulations following Power (absolute
sum of relative motions, Power et al. (2014)) and Jenkinson (relative root mean square
displacement between affines, Jenkinson et al. (2002)). FD and DVARS are calculated for each
functional run, both using their implementations in Nipype (following the definitions by Power et
al. 2014). The three global signals are extracted within the CSF, the WM, and the whole-brain
masks. Additionally, a set of physiological regressors were extracted to allow for component-
based noise correction (CompCor, Behzadi et al. 2007). Principal components are estimated
after high-pass filtering the preprocessed BOLD time-series (using a discrete cosine filter with
128s cut-off) for the two CompCor variants: temporal (tCompCor) and anatomical (aCompCor).
tCompCor components are then calculated from the top 2% variable voxels within the brain
mask. For aCompCor, three probabilistic masks (CSF, WM and combined CSF+WM) are
generated in anatomical space. The implementation differs from that of Behzadi et al. in that
instead of eroding the masks by 2 pixels on BOLD space, the aCompCor masks are subtracted
a mask of pixels that likely contain a volume fraction of GM. This mask is obtained by

thresholding the corresponding partial volume map at 0.05, and it ensures components are not

13



extracted from voxels containing a minimal fraction of GM. Finally, these masks are resampled
into BOLD space and binarized by thresholding at 0.99 (as in the original implementation).
Components are also calculated separately within the WM and CSF masks. For each CompCor
decomposition, the k components with the largest singular values are retained, such that the
retained components’ time series are sufficient to explain 50 percent of variance across the
nuisance mask (CSF, WM, combined, or temporal). The remaining components are dropped
from consideration. The head-motion estimates calculated in the correction step were also
placed within the corresponding confounds file. The confound time series derived from head
motion estimates and global signals were expanded with the inclusion of temporal derivatives
and quadratic terms for each (Satterthwaite et al. 2013). Frames that exceeded a threshold of
0.5 mm FD or 1.5 standardised DVARS were annotated as motion outliers. All resamplings can
be performed with a single interpolation step by composing all the pertinent transformations
(i.e. head-motion transform matrices, susceptibility distortion correction when available, and co-
registrations to anatomical and output spaces). Gridded (volumetric) resamplings were
performed using antsApplyTransforms (ANTSs), configured with Lanczos interpolation to
minimize the smoothing effects of other kernels (Lanczos 1964). Non-gridded (surface)
resamplings were performed using mri_vol2surf (FreeSurfer).

Many internal operations of fMRIPrep use Nilearn 0.6.2 (Abraham et al. 2014,
RRID:SCR_001362), mostly within the functional processing workflow. For more details of the

pipeline, see the section corresponding to workflows in fMRIPrep’s documentation.

Copyright Waiver
The above boilerplate text was automatically generated by fMRIPrep with the express
intention that users should copy and paste this text into their manuscripts unchanged. It is

released under the CCO license.
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AFNI Preprocessing
We trimmed the lead-in (19 volumes) and lead-out (15 volumes) volumes (total of 216
task volumes), corrected for motion in six different directions, spatially smoothed our images

using a 4mm kernel (3), normalized the signal by converting scanner units to raw percent signal

change, and removed signals slower than 90 seconds with a high-pass filter.
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Figure 3S. Timecourse of the NAcc Across Missed and Hit Trials.
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whereas hit trials (right panel) indicate when participants responded to the triangle target in time

(+5 points); (Time 1 n=146, Time 2 n=123, Time 3 n=107). Error bars are shown in gray.
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Whole Brain Analysis

We conducted whole-brain analysis in FSL (v. 6.0.1) with FEAT for two contrasts of
interest: anticipation of reward vs. anticipation of non-reward and receipt of reward vs. receipt of
non-reward (MRI Expert Analysis Tool; (4,5)). We trimmed the first five volumes, applied a 5
mm spatial smoothing, and a 90 second high-pass filtering to the fMRI data. The general linear
model (GLM) includes regressors for the MID task in addition to 25 regressors from fMRIPrep
(e.g., head motion, temporal derivatives and quadratic terms, three global signals, and the six
physiological CompCor components). We censored motion outliers as described by Siegal and
colleagues (6). We applied a double-gamma convolution to model the hemodynamic response
function.

We conducted a whole-brain cluster analysis to test for main effects of the two reward
contrasts (i.e., anticipation of reward vs. anticipation of non-reward and receipt of reward vs.
receipt of non-reward) during the MID task. We conducted a data-driven cluster analysis to
identify voxels that displayed significant activation during these clusters for each participant
using FSL’s FLAME |. The cluster threshold was set to Z=3.1, with a multiple-comparisons-
corrected cluster threshold of a=0.025. We controlled for biological sex at all timepoints and for
collection status at Time 3.

The cluster maps show NAcc activation during the anticipation of reward vs. the
anticipation of non-reward and the receipt of reward vs. the receipt of non-reward at Time 1 and

Time 2; however, this activation is reduced at Time 3.
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Figure 4S. Group-Level Results Indicating Increased Activation During the KIDMID Task at
each Timepoint.

anticipation of gain vs. anticipation of nongain receipt of gain vs. receipt of nongain

Note: The bilateral blue spheres visualize the bilateral NAcc ROI. Significant increased
activation is indicated in red. We modeled both missed and hit trials for the receipt of reward vs.
receipt of non-reward contrast.
Whole-Brain Analysis

Lower activation in the NAcc at Time 3 may be due to the smaller sample size (Time
1=146, Time 2=123, Time 3=107), to developmental effects, and/or to task adaptation (7).
Further, we should consider the design of the KIDMID task. Participants were told they can win
(+5 points) or avoid losing points (-5 points) to receive a prize. While this format was
developmentally appropriate when children entered our study at baseline, these outcomes may

have been less rewarding to participants at older ages. Analogous tasks administered in

adolescent and adult populations often provide a monetary stimulus (i.e., +$5, -$5; (8)).
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Post-Scan Questionnaires

It is possible that changes in NAcc activation across time were due to differences in
participants’ affect while they viewed the reward cues. For example, it is possible that
participants will feel less positive after seeing a circle cue (reward trial) with repeated
administrations. We asked participants “How did you feel when you saw [image of circle cue
with two lines]?” after completing the KIDMID task. A 1 would indicate they felt negative toward
the cue and a 7 would indicate they felt positive toward the cue. On average, participants felt
positively toward the circle cue at all three timepoints (M Time 1=6.22; M Time 2=6.06; M Time
3=6.01). Participants who completed the post-scan questions felt less positively toward the

circle cue over time (B=-0.11, p=.023).

Table 4S. Stability of Contrasts and Conditions Across All Trials.

Variable ICC
Anticipation of reward vs. anticipation of non-reward 0.32
Receipt of reward vs. receipt of non-reward 0.08
Anticipation of reward 0.34
Anticipation of non-reward 0.20
Receipt of reward 0.33
Receipt of non-reward 0.00
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Figure 5S. Primary Findings Schematic.
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Note: Solid black lines indicate significant p-values, lines highlighted in green indicate p-values
that survived Bonferroni correction, and gray dashed lines indicate non-significant p-values.
Attrition

63 participants had ELS measures and usable fMRI data at all three timepoints. We
compared these participants to participants who were missing at least one timepoint of data due
to motion, attrition, etc (n=110). These two groups did not differ in the proportion of males and
females (p=.458), race (p=.151), age at baseline (p=.118), pubertal stage at baseline (p=.516),
severity of objective ELS (p=.160), stress sensitivity (p=.517), income-to-needs ratio (p=.101),
baseline total problems (p=.659), or baseline NAcc activation during the anticipation of reward

vs. anticipation of non-reward contrast (p=.184).

Sensitivity Analysis: Time 3 YSR Data

We obtained a consistent pattern of results when conducting a parallel analysis using
Time 3 YSR data (n=134) as the outcome variable rather than intercepts centered at age 15
obtained from Ime analysis (n=173). There was a significant interaction between NAcc

trajectories and biological sex when predicting psychopathology at Time 3 (3=0.08, p=.004);
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findings were unique to externalizing (f=0.37, p=.030) and not internalizing problems (p=.273).
Follow-up simple-slope analyses indicated that boys ($=-0.28, p=.010), but not girls (p=.490),
with decreasing NAcc trajectories had greater externalizing problems at Time 3. The same
pattern of findings held when using T-scores at Time 3 rather than raw scores. Specifically,
there was an interaction of biological sex and NAcc trajectories in predicting internalizing and
externalizing T-scores (=0.08, p=.004) even after controlling for baseline total problems T-
scores. The interaction was significant for externalizing (3=0.37, p=.028), but not for
internalizing (B=-0.26, p=.328) problems T-scores. Follow-up simple slope analysis indicated
that boys (=-0.28, p=.010), but not girls (3=0.08, p=.560), with decreasing NAcc trajectories

had greater externalizing problems T-scores in adolescence.

Sensitivity Analysis: Non-Winsorized Values

Estimated NAcc trajectories were winsorized to 3 standard deviations above or below
the mean to reduce the impact of extreme cases (n=1). When examining non-winsorized NAcc
values, we also obtained a similar pattern of results reported in the main text. Specifically, there
was an interaction between NAcc trajectories and biological sex (3=0.08, p=.001); the
interaction was significant for externalizing (8=0.37, p=.014) but not internalizing problems
(p=.497). Boys (B=-0.22, p=.010), but not girls (p=.210), with decreasing NAcc trajectories had

more externalizing problems in adolescence.

Exploratory Analyses

Exploratory analyses demonstrated there was no relation of objective ELS with
trajectories of internalizing (B=-0.11, p=.149) or externalizing problems (f=-0.01, p=.933), or of
stress sensitivity with trajectories of internalizing (=0.01, p=.875) or externalizing problems
(B=0.00, p=.962). Stress sensitivity (8=0.16, p=.042), but not objective ELS (3=-0.09; p=.246),

was related to the NAcc intercept. Further, there was an interaction of biological sex and NAcc
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trajectories in predicting trajectories of psychopathology (8=0.08, p=.001). Specifically, the
interaction was present for externalizing (3=0.42, p=.005), but not for internalizing (8=-0.09,
p=.566) problems. Boys (=-0.28, p=.010), but not girls (=0.14, p=.200), with decreasing NAcc

trajectories had increasing trajectories of externalizing problems.

Equations

Relation of objective ELS and stress sensitivity on NAcc trajectory:
NAcc trajectory=Bojective ELS*Bstress Sensitivity+ Bcollection status+B0

Relation of objective ELS and stress sensitivity on psychopathology in adolescence:
Internalizing & Externalizing=Bobjective ELs*Pstress Sensitivity+ Bcollection Status+ B0

Interaction between NAcc trajectories and biological sex on psychopathology in adolescence:

|ntema|i2ing & EXternaIiZing=BNAcc Trajectory*BBiological Sex+BCoIIection Status+BBaseIine Total Problems+BO

Sensitivity Analysis: Missing at Random

We conducted an analysis including only the 63 participants with usable KIDMID data at
all three timepoints, also controlling for pre-post COVID-19 lockdown data collection status. The
findings were mostly replicated, although some associations were reduced to a trend level. This
is not surprising given the power difference and reduction of our sample from 173 to 63
participants. Specifically, stress sensitivity and NAcc trajectories were correlated at r=-0.19,
p=.132, and the interaction between NAcc trajectories and biological sex in predicting
externalizing problems trended at =2.31, p=.059. The trajectory was significantly negative in
boys (B=-0.41, p=.030) and nonsignificant in females (p=.660). Aside from the sample size
reduction, our results are robust to the employed missing data assumption: missing at random

(MAR; (9)).
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Typical NAcc Development

Few studies have examined repeated assessments of neural activation and even fewer
have described trajectories of NAcc activation. Braams et al., (10) examined participants aged
8-27 years old and found that NAcc activation in a contrast of wins vs. losses during a gambling
task peaks in mid-adolescence. Schreuders and colleagues (11) extended these findings in the
same sample of participants with the addition of a third wave of fMRI data covering the ages of
8-29. Further, Insel and Somerville (12) found that gain magnitude tracking (i.e., heightened
response to large gains compared to small gains) demonstrated a linear negative relation
across time in a sample of 13- to 20-year-old participants. Importantly, Insel and Somerville (12)

examined only one timepoint of neural activation.

Hyperactivation in the NAcc

In contrast to our results, Yau et al. (13) and Bjork et al. (14) found that adolescents with
externalizing disorders were characterized by greater NAcc activation. Aspects of the designs of
these studies, including adopting a categorical approach to examining externalizing problems

and only examining one timepoint of NAcc activation, may help explain these discrepancies.

Neural Stability Considerations

The receipt of reward vs. receipt of non-reward contrast had poor stability regardless of
whether we modeled all trials or only hit trials, findings that are consistent with Bach et al.’s (15)
suggestion that the reliability of conditions are stronger than the reliability of contrasts. One
reason for the poor stability within the receipt of reward vs. receipt of non-reward contrast is that
both the active conditions (i.e., receipt of reward) and the neutral conditions (i.e., receipt of non-
reward) have some degree of noise. In this context, we found that whereas the ICC for the
condition of the receipt of reward was modest, the ICC for the receipt of non-reward was zero

(Table 3S). As a related point, Baranger and colleagues (16) reported that contrasts of one
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active state were preferable to contrasts of two active states during reward tasks measured
across 2-year intervals. Given the ICC values in our study and the desired specificity of
measuring an active condition, we decided that it was optimal to examine neural activation

during the contrast of anticipation of reward vs. anticipation of non-reward.

Suggestions for Improving Stability in Longitudinal Neuroimaging Studies

With respect to study design, it is ideal to use the same scanner throughout. There are
large effects of scanners on neural activation; indeed, even scanner upgrades can affect the
BOLD signal. As a related point, it is important to keep acquisition parameters and sequence
order consistent throughout the study. Altering repetition time or echo time can affect the
stability of the signal. Further, ensuring a consistent protocol throughout the study is helpful,
making sure that participants receive the same set of instructions at each timepoint and
checking their comprehension prior to and after scanning. As with any fMRI study, it is important
to instruct participants to refrain from drugs and alcohol, such as caffeine, nicotine, and
melatonin.

A more nuanced consideration is the task presentation. Keeping the task consistent
throughout is preferable; however task adaptation is a risk.

When measuring subcortical reward-related activation, it is recommended that
researchers use single-band sequences. Recently, Srirangarajan and colleagues (2021) found
that multi-band acquisition does not detect mesolimbic reward activation as well as single-band
acquisitions.

Maintaining engagement in the task is also important. Personalizing the task by
adjusting reaction time is one way to do this. Another way to keep engagement high is to
incentivize good performance, especially with MID-like tasks.

After data are collected, it is important to have stringent motion thresholds. Especially

when scanning younger populations, stringent motion correction is imperative. Further, it is
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important to preprocess data consistently at each timepoint. Finally, the selection of contrasts is
important. Contrasts of two active states (e.g., anticipation of reward vs. anticipation of loss)
have less stability do contrasts of baseline activation or neutral conditions (e.g., anticipation of
reward vs. anticipation of non-reward). Notably, there is an advantage of contrasting to neutral

conditions, which yields better discriminate validity.

Reward-Related ROIs

We extracted the left and right putamen and left and right caudate using the Harvard-
Oxford subcortical Atlas, thresholded at 25%. We averaged the left and right hemispheres in all
analyses. In addition, we examined the bilateral medial prefrontal cortex (mMPFC) using a 8-mm
sphere with the center coordinates at x=16, y=49, z=-8 (Wu et al., 2014). The mPFC was

warped to MNI space using the icm2mni function (https://www.brainmap.org/icom2tal/).

Figure 6S. Additional Reward-Related Regions.
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Note: putamen (green), caudate (purple), and mPFC (teal).

Analogous to our procedure with the NAcc, we extracted trajectories of activation in
these regions using a series of linear mixed effects models. We winsorized trajectories to
minimize the impact of extreme cases. The stability of the putamen, caudate, and mPFC during
the anticipation of reward vs. anticipation of non-reward was 0.13, 0.10 and 0.22, respectively
(compared to the higher stability of the NAcc (0.32)).

Trajectories of activation in the putamen (3=-0.16, p=.031) were related to stress
sensitivity, but not to objective ELS (putamen: p=.998). Similarly, trajectories of activation in the
caudate were related to stress sensitivity (3=-0.17, p=.027), but not to objective ELS (p=.814).
Trajectories of activation in the mPFC were not related to stress sensitivity (p=.120) or objective
ELS (p=.872).

Trajectories of activation in the putamen interacted with biological sex to predict
symptoms of psychopathology in adolescence (B=0.11, p<.001); decreasing activation of the
putamen was related to externalizing ($=0.39, p<.001), but not internalizing problems (p=.306).

Simple-slope analysis revealed a negative slope in boys (3=-0.25, p=.010), but not in girls
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(p=.140). Trajectories of activation in the caudate interacted with biological sex to predict
symptoms of psychopathology (=0.09, p<.001). Specifically, activation in the caudate was
related to externalizing (=0.32, p=.019), but not internalizing problems (f=-0.16, p=.198;
simple-slope analysis: boys =-0.19, p=.070; girls p=.120). There was no main effect or
interaction between trajectories of activation in the mPFC and biological sex with symptoms of
psychopathology (main effect: $=0.01, p=.432; interaction: f=0.03, p=.074).
Control Regions

We examined 6 additional control regions to examine the specificity of our findings.
Specifically, we extracted the bilateral angular gyrus, cingulate gyrus (posterior division),
occipital fusiform gyrus, the occipital pole, inferior frontal gyrus (IFG) opercularis and
triangularis. All control regions were extracted from the Harvard-Oxford structural Atlas,

thresholded at 25%.

Figure 7S. Control Regions.
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Note: occipital pole (yellow), angular gyrus (orange), IFG opercularis (pink), IFG triangularis
(dark blue), cingulate gyrus (posterior division; green), and occipital fusiform gyrus (maroon).

Trajectories of activation were estimated in a series of linear mixed effects models. We
winsorized trajectories to 3 standard deviations above or below the mean to minimize the impact

of extreme cases. The stability of each control region is presented below:

Table 5S. Stability of Control Regions.

Variable ICC
Angular gyrus 0.17
Cingulate gyrus 0.19
Occipital fusiform gyrus 0.00
Occipital pole 0.05
IFG opercularis 0.06
IFG triangularis 0.25
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Control regions were not related to objective ELS (all ps>.200) or stress sensitivity (all
ps>.121). There were no main effects or biological sex interactions during the anticipation of
reward vs. anticipation of non-reward contrast in control regions when predicting symptoms of
psychopathology. Specifically, the angular gyrus (main effect: =0.03, p=.123; interaction:

B=0.02, p=.203), cingulate gyrus (posterior division; main effect: $=0.01, p=.481; interaction:

=0.01, p=.376), IFG opercularis (main effect: =0.00, p=.836; interaction: =0.01, p=.577), IFG

triangularis (main effect: B=0.03, p=.069; interaction: $=0.00, p=.806), occipital fusiform gyrus
(main effect: =0.03, p=.081; interaction: =0.00, p=.907), and occipital pole (main effect:
=0.02, p=.240; interaction: 3=0.00, p=.945) did not predict symptoms of psychopathology.
Therefore, we did not conduct follow-up tests.

Finally, to ensure our findings in the NAcc were not driven by general neural activation,
we conducted a MANOVA examining all control regions and trajectories of NAcc activation
simultaneously. Importantly, the significant interaction between biological sex and activation in
the trajectories of NAcc activation persisted even when considering control regions (3=0.06,

p=.010).
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