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Abstract

Adolescence is marked by changes in decision-making and perspective-taking abilities. Although adolescents make more adaptive
decisions with age, little is understood about how adolescents take adaptive risks that impact others and how this behavior changes
developmentally. Functional coupling between reward [e.g., ventral striatum (VS)] and ‘social brain’ [e.g. temporal parietal junction (TPJ)/
posterior superior temporal sulcus (pSTS), medial prefrontal cortex (mPFC)] systems may be differentially shape adaptive risks for the
self and other. A total of 173 participants completed between one and three sessions across three waves [a total of 433 behavioral and
403 functional magnetic resonance imaging (fMRI) data points]. During an fMRI scan, adolescents completed a risky decision-making
task where they made risky decisions to win money for themselves and their parent. The risky decisions varied in their expected
value (EV) of potential reward. Results show that from the 6th through 9th grades, adolescents took increasingly more adaptive risks
for themselves than for their parent. Additionally, greater VS-TPJ/pSTS and VS-mPFC connectivity that tracks EV when making risky
decisions for themselves in 6th grade, but a lower VS-mPFC connectivity in 9th grade, predicted greater adaptive risk-taking for their
parent. This study contributes to our understanding of the self as a neural proxy for promoting adaptive social behaviors in youth.
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Contrary to the popular belief that adolescents generally make
maladaptive decisions, adolescents also make rational, adaptive
risky decisions. For instance, adolescents make adaptive risky
decisions in economic tasks similarly as adults (Somerville et al.,
2019) or even more so than adults (Barkley-Levenson and Galvan,
2014), suggesting that adolescents are capable of making risk
decisions that are intentional and deliberate. Adolescence is also
a time of social-cognitive development that promotes adoles-
cents’ ability to optimally engage with others (Crone and Fuligni,
2020). In the current study, we sought to examine how adoles-
cents take adaptive risks for the self and others and how the
neurocognitive processes of these behaviors change across ado-
lescence. We also examined how neural sensitivity to the self
ultimately fosters adaptive risky decisions for others, with a
particular focus on the family.

Risk-taking in adolescence is thought to be highly adaptive for
survival (Ellis et al., 2012). Although risky decisions can lead to
health-compromising outcomes, they also allow adolescents to
adjust to new environments and navigate their complex social
world. One way to assess the rationality of risky decisions is by
using economic models, whereby the expected value (EV) of the
potential reward determines whether or not the risky decision

is relatively more optimal than the safe decision. Adolescents
tend to be more sensitive to the EV of potential rewards than are
adults, as evidenced by taking more advantageous risks but avoid-
ing more disadvantageous risks (Barkley-Levenson and Galvén,
2014). The ability to evaluate components of risk (e.g. the magni-
tude and the probability of the potential reward) develops across
adolescence (van Duijvenvoorde et al., 2015), making adolescence
an important developmental window for heightened sensitivity to
EV and efficient switching between safe and risky decisions based
on the economic nature of risk and thus adaptive risk-taking.
Decision-making in adolescence not only affects the self but
also impacts others (Do et al, 2017). Indeed, more so than
children, adolescents are able to take others’ perspectives into
account and understand how their own decisions affect others
(Crone et al.,, 2008). Although other-oriented risks can be nega-
tive, they can also be adaptive as adolescents appropriately switch
between safe and risky decisions, depending on the context (e.g.
EV of the potential reward). To date, cross-sectional work has
shown that early adolescents in middle school make risky deci-
sions similarly for themselves and their parent (Guassi Moreira
and Telzer, 2018a), but they tend to win money for their parent at
the expense of incurring a cost for their friend by late adolescence
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(Guassi Moreira et al., 2020). This suggests a developmental shift in
risk-taking, depending on who the behavior targets. Additionally,
longitudinal work has shown that the subjective feeling of plea-
sure when winning money for one’s parent, relative to oneself,
increases across adolescence (Braams and Crone, 2017). Together,
this initial work indicates that other-oriented rewards become
increasingly appetitive across adolescence and may differentially
modulate motivations for other-oriented adaptive risk decisions
over time.

Social-cognitive skills, such as perspective-taking and consid-
ering others’ needs, improve from middle to high school (Crone
and Fuligni, 2020), and may support evaluating EV for oth-
ers. Key neural regions involved in social-cognitive processes
include the medial prefrontal cortex (mPFC), the temporal pari-
etal junction (TPJ) and the posterior superior temporal sulcus
(pSTS), which undergo rapid functional shifts during adolescence
(Blakemore, 2012) and are also consistently active when adoles-
cents make risky decisions in a social context (van Hoorn et al.,
2019). The mPFC is involved in self-perception such as comparing
self-referential and other-referential thoughts (Pfeifer and Peake,
2012), describing the self from the perspective of close others
(Pfeifer et al., 2009) and evaluating the overlap between self and
parent (van der Cruijsen et al., 2019). The TPJ and pSTS play a key
role in social perception such as mentalizing about others and
evaluating the emotional states of others (van Overwalle, 2009;
van der Cruijsen et al., 2019). Further, the dynamic interaction
between social-cognitive and reward-valuation regions (e.g. VS)
may help adolescents differentiate the salience and reward asso-
ciated with adaptive risks when decisions affect themselves and
their close others. Stronger functional connectivity between the
VS and mPFC and between the VS and pSTS is associated with
social-emotional processing (Burnett and Blakemore, 2009) and
more prosocial decisions (Do and Telzer, 2019). In sum, longitudi-
nal changes in connectivity between the VS and social-cognitive
brain regions may differentiate how adolescents make adaptive
risks for close others and themselves across time.

The present study tested how the longitudinal changes in VS-
TPJ/pSTS and VS-mPFC functional connectivity that tracks EV
are associated with adaptive risk decisions for the self and other.
In a three-wave longitudinal study, adolescent participants com-
pleted a risk-taking task during a functional magnetic resonance
imaging (fMRI) scan where they made risky decisions that varied
in their EV to win money for themselves and their parent. Adap-
tive risk-taking refers to an individual’s sensitivity to EV and was
thereby defined as taking more risks as the EV increases.

First, we probed the ‘differentiation’ between the self and other
by examining (i) longitudinal differences in behavioral trajectories
in adaptive risk-taking for themselves and their parent and (ii)
longitudinal differences in neural trajectories in functional con-
nectivity between the VS and social brain regions (i.e. mPFC and
TPJ/pSTS) that track the EV of potential rewards for themselves
and their parent. We did not have specific hypotheses regard-
ing the direction of the difference in trajectories. For instance,
adaptive risk-taking and neural connectivity patterns for the par-
ent could become increasingly greater than those for the self, as
other-oriented processing improves over adolescence (e.g. Braams
and Crone, 2017). In contrast, adaptive risk-taking and neu-
ral connectivity patterns for the self could become increasingly
greater than those for the parent, as adolescents become more
autonomous and differentiate from their family (e.g. McElhaney
et al., 2009).

Second, we sought to capture the ‘relationship’ between the
self and other by testing whether neural development of the self

(i.e. neural tracking of EV for the self) promotes other-oriented
adaptive risk decisions and whether neural development of the
parent promotes self-oriented adaptive risk decisions. For both,
we tested whether this relationship changes across adolescence.
We hypothesized that the neural connectivity patterns for the self
will increasingly promote adaptive risk decisions for the parent,
as understanding oneself and thus the decisions one makes for
oneself serves as a precursor to understanding and making deci-
sions for others (Dimaggio et al., 2008). Thus, self-oriented neural
processes in the context of adaptive risk-taking—particularly in
brain regions implicated in the processing of the self and the
other—may enhance other-oriented adaptive risk-taking.

Methods

Participants

Adolescent participants were recruited as part of a larger study of
873 6th- and 7th-grade students from three public middle schools
to participate in a longitudinal fMRI study. A total of 173 partici-
pants completed between one and three sessions annually across
three waves (433 total behavioral data points and 403 total fMRI
data points). See Table 1 for demographic information about ado-
lescent and parent participants. Participants were compensated
for completing the session. All participants provided informed
consent/assent, and the University’s Institutional Review Board
approved all aspects of the study.

In order to reach our target sample size of 150 partici-
pants after accounting for attrition and for excluded participants
between waves of data collection, we recruited two cohorts of
participants across 2years of the study (e.g. Herd et al., 2020 for
a similar study design). We recruited 148 participants at wave 1
of the study (cohort 1) and 30 additional participants at wave 2

Table 1. Demographic information of adolescent and parent par-
ticipants

Percentage
Adolescent participant
Biological sex
Female 52.6
Male 47 .4
Race
White 29.5
Black 231
Hispanic/Latinx 34.7
Mixed 9.3
Other 35
Parent participant
Relationship with adolescent participant
Biological mother 82.7
Biological father 9.8
Other guardians 8.1
Education
Less than middle school completion 10.4
Middle school completion 35
Some high school 11
High school diploma 14.5
Some college 30.1
Associate’s or bachelor’s degree 23.1
Some graduate school 2.3
Graduate or professional degree 5.2

Note: For families who participated in more than one wave of data collection,
7.4% of participating parents changed at least once across their years of
participation.



(cohort 2). Adolescents who began the study at wave 1 had up to
three waves of data, and those who began the study at wave 2 had
up to two waves of data. Across the three waves, 25 participants
had 1 time point of behavioral data (34 for fMRI data), 36 had 2
(39 for fMRI data) and 112 had 3 (97 had fMRI data).

At wave 1, five participants were excluded due to exclusion-
ary criteria being met after recruitment (e.g. major claustrophobia
during the fMRI session). These participants were not invited back
for subsequent study participation. Out of the remaining 143
participants at wave 1 (Mage =12.8, s.d.age =0.52; N =73 female),
1 additional participant was excluded for acute anxiety, and 3
and 14 additional participants were excluded from behavioral
and neural analyses, respectively, due to task-specific exclusion-
ary criteria. The final wave 1 sample size with behavioral data
included 139 adolescents and with fMRI data included 125 ado-
lescents. At wave 2, 116 participants from cohort 1 and 30 new
participants from cohort 2 participated (Mage = 13.7; 5.d.age = 0.58;
N =78 female). The final wave 2 sample size with behavioral
data included 143 adolescents and with fMRI data included 120
adolescents. At wave 3, 119 participants from cohort 1 and 26
participants from cohort 2 participated (Mage = 14.7; 5.d.age = 0.58;
N =74 female). The final wave 3 sample size with behavioral data
included 144 adolescents and with fMRI data included 104 adoles-
cents. Retention from wave 1 to wave 2 for cohort 1 participants
was 81.1% and from waves 2 to 3 across cohorts was 85.3%. See
supplementary material for reasons for exclusion for behavioral
and neural analyses and reasons for attrition between waves.

Risky decision-making task
Adolescents completed a modified Cups Task (modified Levin and
Hart, 2003), which has previously been utilized to examine risky
decision-making for self and others in developmental samples
(e.g. Guassi Moreira and Telzer, 2018a). Participants completed 3
rounds of the Cups Task: one in which they made decisions for the
self, one for parent and one for best friend. The order in which par-
ticipants completed each round was counterbalanced. Note that
the best friend round is part of another, preregistered study.
Each round consisted of 45 trials. On each trial, participants
were presented with two scenarios of cups: the left side always
had one cup with a guaranteed 15 cents hidden under the cup
(Figure 1). On the right side, the number of cups (either two, three
or five cups) as well as the amount of money hidden (either 30, 45

Decision-Making Phase

Outcome Jitter

3000 ms

~2300 ms

1000 ms
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or 75 cents) varied. The right side always had a value >15 cents;
however, the money was hidden under only one of the overturned
cups. Participants were told that if they chose the right side, then
the computer would randomly select one of the cups and they
may earn the higher amount or 0 cent, whereas if they chose the
left side, then they were guaranteed to earn 15 cents. Picking the
left side equates to making a safe decision since it is always asso-
ciated with a known outcome of 15 cents. Picking the right side
equates to making a risky decision since the outcome may be the
higher amount or it may be zero (in which case, the participant
does not gain any money for that trial), and thus the outcome is
unknown. After each decision, participants were shown the out-
come of their decision. In the event that participants did not make
a decision within the given time, participants were told that they
were ‘too late’ and there was no change in the total points. Out-
comes of each decision were added to the running total for that
round, which was shown to the participant at the end of each
round.

On each trial, the cups were shown for 3000 ms, within which
participants made their decision. Next, a fixation cross was
jittered around an average of 2300ms (range: 526.68-4017.12),
which was followed by the outcome for 1000ms. Finally, there
was an intertrial fixation cross that was jittered around an average
of 2521.39ms (range: 521.14-3913.31). At the end of each session,
adolescents received the money they had earned for themselves,
their parent was given the money their child had earned for them
and the best friend was provided with their earnings in cash. The
participating parent and best friend did not know the adolescent
was winning money for them until they received the award. See
supplementary material for the full study procedure.

Adaptive risk-taking

To operationalize adaptive risk-taking, we assessed how adoles-
cents made risky decisions as a function of the EV of the potential
reward. Consistent with prior work, EV was comprised of two
factors: magnitude of reward and probability of reward, both of
which contribute to making risky decisions when rewards are at
stake (van Duijvenvoorde et al., 2015; Guassi Moreira and Telzer,
2018a). EV was calculated by dividing the amount of money under
the cup (i.e. magnitude of reward) by the number of cups (i.e. prob-
ability of reward) for that trial. For instance, on a trial with two
cups with 30 cents hidden under one of them, the EV is 30/2 =15.

Outcome Phase

You Gain!! Intertrial Jitter

4

30¢

~2521 ms

Fig. 1. Example trial of the modified Cups Task. In this example, participants chose the risky option and subsequently gained a reward of 30 cents.
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Given the parameters of the magnitudes and probabilities of
reward, the EVs for risky decisions are 6, 9, 10, 15, 22.5, 25 and
37.5. The EV of safe decision is always 15, since making a safe deci-
sion always guarantees a gain of 15 cents. In this task, itis advan-
tageous to make a risky decision when the EV is >15, whereas it is
disadvantageous to make a risky decision when the EV is <15. If
the EV is 15, then there is an equal EV between the safe and risky
decisions. It is thus adaptive to make risky decisions as the EV
increases.

Mathematical EV model

In order to model how adolescents made adaptive risks, we calcu-
lated their frequency of risky decisions as a function of EV. These
behavioral analyses were constructed at the trial level, whereby
we tested whether participants made a risky decision as a func-
tion of the EV of that trial. We used hierarchical linear modeling
(HLM for Windows, version 6.06; Raudenbush and Bryk, 2002;
Raudenbush, 2004) to model how EV affects risky decisions. We
extracted the predicted estimated slope (i.e. Empirical Bayes esti-
mate), which represents the change in risky decision with respect
to the change in EV and therefore the measure of adaptive risk-
taking. Higher mean scores indicate more adaptive risk-taking,
whereby the participant makes risky decisions when the EV is
high but makes safe decisions when the EV is low. Lower mean
scores indicate less adaptive risk-taking, whereby the participant
does not incorporate EV information into their decision-making
process. This index was used in subsequent models to test for
changes in adaptive risk-taking across development. See supple-
mentary material for a description of the two-level model that we
estimated.

fMRI data acquisition and analysis

See supplementary material for fMRI scan parameters and pre-
processing procedures.

The task was modeled using an event-related design within
the Statistical Parametric Mapping software package (SPM8; Well-
come Department of Cognitive Neurology, Institute of Neurology,
London, UK). Individual-level fixed-effects models were created
for each participant using the general linear model in SPM with
regressors for the following five conditions: trials for each decision
(safe and risky) and trials for each outcome (15 cents, O cent or
>15 cents). Trials in which participants did not respond, the final
outcome trial and volumes containing motion in excess of 2mm
were included as separate regressors of no interest. Each trial was
modeled using the onset of the cups (or outcome) and a duration
equal to zero. Each of the five conditions was modeled separately
for each context (i.e. self, parent and peer), totaling 15 conditions
of interest. Jittered intertrial periods (e.g. fixation cross) were not
explicitly modeled and therefore served as the implicit baseline
for task conditions. A parametric modulator (PM) was included
for each risky decision, which modeled the EV of the risky deci-
sion of each trial. Similar to the behavioral analyses, we tested
whether participants show increases in functional connectivity
as a function of the EV of that trial. The PM served to examine the
neural activity that tracks the EV of adolescents’ decisions. Each
participant completed three rounds of the task (self, parent and
best friend), but for the purposes of this study, we focused only
on the self and the parent rounds.

Seed-to-seed functional connectivity

To examine neural connectivity, we conducted psychophysiolog-
ical interaction (PPI) analyses using a generalized form of the
context-dependent PPI from the automated generalized PPI (gPPI)

toolbox in SPM (McLaren et al., 2012). We utilized the VS as our
seed region, which was defined using the Harvard-Oxford Atlas
(Harvard Center for Morphometric Analysis). Time series were
extracted from the VS and served as the physiological variable.
Trials were then convolved with the canonical HRF to create the
psychological regressor. Finally, the physiological and psycholog-
ical variables were multiplied in order to create the PPI term. Each
participant’s individual gPPI model included a deconvolved BOLD
signal alongside the psychological and interaction term for each
event type.

In order to assess VS coupling with TPJ/pSTS and mPFC, we
extracted parameter estimates from the conditions of interests
using TPJ/pSTS and mPFC regions of interest (ROIs). Our condi-
tions of interests were risky decision-making with PM (i.e. rep-
resenting EV), separately for the parent and the self. The ROIs
were obtained from the Saxe Lab social brain ROIs (TPJ; Dufour
etal., 2013) and the Mills Lab social brain ROIs (pSTS, mPFC; Mills
etal., 2014). For the TPJ and pSTS, we combined the two masks (i.e.
TPJ/pSTS), given the proximity of the two regions as well as the
overlapping functions in social processing during adolescence.
Further, for the mPFC, we subtracted voxels that were within the
vmPFC (defined using the Harvard-Oxford Atlas) from the mPFCin
order to ensure that the mPFC mask represents the medial portion
only. All masks were bilateral (Figure 2). We extracted parameter
estimates from these ROIs for the self and the parent separately
for each time point and for each participant.

Analysis plan

Differentiation between the self and other.

We first determined the best-fitting trajectory (i.e. linear or
quadratic) of behavioral adaptive risk-taking and of neural track-
ing of EV, separately for the self and the parent, by using an
unconditional growth model (conducted using SPSS 26). For the
behavioral model, adaptive risk-taking was the dependent vari-
able (DV). For neural tracking of EV, we estimated separate models
for each of the two ROIs (VS-TPJ/pSTS connectivity and VS-
mPFC connectivity) as the DV. Time points were nested within
individuals in the series of two-level models. Higher connectiv-
ity estimates indicate steeper ‘increasing’ functional connectivity
with increasing EV over time. Lower connectivity estimates indi-
cate steeper ‘decreasing’ functional connectivity with increasing
EV over time. See supplementary material for the full formal
model-building procedure.

Next, we compared whether the trajectories of adaptive risk-
taking and neural tracking of EV differ between the self and the
parent. We evaluated the same two-level model as above, but now
in this model, the DV was the difference between the parent and
the self in adaptive risk-taking, as well as in neural tracking of EV.
Using the difference scores as the DVs tests how the relative effect
of the parent and the self changes across time (e.g. Braams and
Crone, 2017).

Relationship between the self and other.

In order to test how neural development of one context (e.g. neu-
ral tracking of EV for the self) promotes adaptive risk decisions
for another (e.g. those for the parent), we followed a conditional
growth model with parameter estimates of neural connectivity
added as a time-varying covariate to predict adaptive risk-taking.
At level 1, we added person-mean centered neural connectivity
at each time point, and at level 2, we added group-mean cen-
tered neural connectivity on the intercept in order to account
for within- and between-person changes in neural connectiv-
ity across time, respectively (Curran and Bauer, 2011). In other



TPJ/pSTS

Fig. 2. Regions of interest used for gPPI analyses.
Note: All masks are bilaterally defined.

words, person-mean centered neural connectivity captures how
each person’s functional connectivity at each time point com-
pares to his/her own average functional connectivity across time
points (i.e. within-person effects), and group-mean centered neu-
ral connectivity captures how each person’s average functional
connectivity compares to the group’s average neural connectivity
(i.e. between-person effects). This allows for person-specific inter-
cepts and for unbiased estimates of within- and between-person
effects (Curran and Bauer, 2011). We included linear grade and a
grade x connectivity interaction at level 1 to test whether neural
tracking of EV for the self and the parent predicts adaptive risk-
taking for the parent and the self, respectively. We also tested
whether this cross-context relationship changes across grade.

Results

Differentiation between the self and other
Behavioral results.

Table 2 shows descriptive statistics of adaptive risk-taking for the
self and the parent at each grade. In order to examine develop-
mental changes in adaptive risk-taking for the self and the parent,
we first used an unconditional growth model and probed the
shape of behavioral trajectory for each context. Results suggest
that linear trajectories best fit developmental changes in adap-
tive risk-taking for both the self and the parent. There was a trend
in increases in adaptive risks for the self across time (3 =0.009,
P=0.07) and no longitudinal changes in adaptive risks for the
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parent (B =-0.0001, P=0.98). We next tested whether the dif-
ference between the parent and the self in adaptive risk-taking
changed across time. Results suggest that the linear trajectory of
adaptive risk-taking for the self increased faster than for the par-
ent, as shown by a significant difference in the slope (3 =-0.008,
P=0.02). As shown in Figure 3, in 6th grade, adolescents took
adaptive risks similarly for the self and the parent (3 =0.002,
P=0.77), but the two trajectories diverged across time such that
by 9th grade, adolescents took significantly more adaptive risks
for the self than for the parent (3 =-0.023, P=0.001; Table 3). See
supplementary material for secondary analyses using reaction
time.

fMRI results.

Table 2 shows descriptive statistics of parameter estimates of VS—
TPJ/pSTS and VS-mPFC connectivity for the self and the parent
at each grade. In order to examine developmental changes in
neural connectivity when adolescents make risky decisions for
the self and the parent with respect to changes in EV, we first
used an unconditional growth model to probe the shape of neural
trajectories for each context.

For VS-TPJ/pSTS functional connectivity, linear trajectories
best fit developmental changes in VS-TPJ/pSTS connectivity when
adolescents made risky decisions for the self and the parent
(Table 3). VS-TPJ/pSTS connectivity that tracks EV significantly
decreased over time for the self (B =-0.015, P=0.01) but did
not significantly change across time for the parent (3 =-0.002,

Table 2. Descriptive statistics of behavioral adaptive risk-taking and neural tracking of EV for the self and the parent at each grade

Grade
6 7 9
M SE M SE M SE M SE

Adaptive risk-taking

Parent 0.088 0.009 0.099 0.007 0.092 0.010 0.108 0.016

Self 0.089 0.009 0.104 0.007 0.108 0.010 0.129 0.016
VS-TPJ/pSTS

Parent —-0.008 0.015 -0.009 0.009 —0.004 0.008 -0.023 0.015

Self —-0.002 0.018 0.011 0.009 —-0.006 0.009 -0.028 0.009
VS-mPFC

Parent —-0.003 0.017 0.0001 0.013 -0.013 0.009 —-0.004 0.015

Self —-0.019 0.014 —-0.008 0.010 0.012 0.011 -0.023 0.012
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Fig. 3. Longitudinal changes in adaptive risk-taking for the self and the parent. Adolescents took significantly more adaptive risks for themselves than

for their parent across time.

P=0.75). Yet, VS-TPJ/pSTS functional connectivity did not dif-
fer between the parent and the self in intercepts (i.e. starting
points; P=0.24) orin slopes (i.e. trajectories; P = 0.36). For descrip-
tive purposes, we plotted the trajectory of VS-TPJ/pSTS func-
tional connectivity for the self (Figure 4). Along the y-axis, pos-
itive values indicate higher VS-TPJ/pSTS connectivity that tracks
increases in EV (i.e. increasing connectivity with increasing EV),
whereas negative values indicate lower VS-TPJ/pSTS connectiv-
ity that tracks increases in EV (i.e. decreasing connectivity with
increasing EV). As shown in Figure 4, greater tracking of EV for
the self is supported by higher VS-TPJ/pSTS connectivity in early
adolescence but by lower connectivity in later adolescence.

For VS-mPFC functional connectivity, linear trajectories best
fit developmental changes in VS-mPFC connectivity when adoles-
cents made risky decisions for the self and the parent (Table 3).
However, VS-mPFC connectivity that tracks EV for neither the
self (B =-0.0003, P=0.96) nor the parent (f =-0.003, P=0.67)
significantly changed over time. Moreover, VS-mPFC functional
connectivity that tracks EV did not differ between the parent and
the self in intercepts (i.e. starting points; P=0.80) or slopes (i.e.
trajectories; P=0.70).

Relationship between the self and other.

Next, we investigated whether there is a relationship between the
self and the parent and whether this association varies across
time. We first tested whether VS-TPJ/pSTS and VS-mPFC neural
tracking of EV for the self longitudinally predict more adaptive
risk-taking for the parent (Table 4).

VS-TPJ/pSTS connectivity that tracks EV when making risky
decisions for the self predicted greater adaptive risk-taking for

the parent in 6th grade (B =0.119, P=0.04), and this association
changed across grade ( =-0.095, P=0.04). To probe this inter-
action, we queried this association at each grade by re-centering
grade and examining statistical significance at the intercepts.
As shown in Figure SA, the relationship between VS-TPJ/pSTS
connectivity for the self and adaptive risk-taking for the parent
became weaker over time, such that by Sth grade, there was
a marginal relationship between VS-TPJ/pSTS connectivity that
tracks EV for the self and adaptive risk-taking for the parent
(B =-0.166, P=0.09).

A similar pattern was observed with VS—-mPFC connectivity
such that greater VS—-mPFC connectivity that tracks the EV when
making risky decisions for the self predicted greater adaptive
risk-taking for the parent in 6th grade (3 =0.133, P=0.03), and
this association changed across grade (3 =-0.101, P=0.02). To
probe this interaction, we queried this association at each grade.
As shown in Figure 5B, the relationship between VS-mPFC con-
nectivity for the self and adaptive risk-taking for the parent
became weaker over time and flipped such that by 9th grade,
there was a negative relationship between VS-mPFC connec-
tivity that tracks EV for the self and adaptive risk-taking for
the parent (g =-0.171, P=0.05). Therefore, for younger ado-
lescents, increased VS-mPFC connectivity that tracks EV for
the self predicts greater adaptive risk-taking for the parent,
whereas for older adolescents, decreased VS-mPFC connectiv-
ity that tracks EV for the self predicts greater adaptive risk-
taking for the parent. See supplementary material for secondary
analyses that further probed grade-related differences in other-
oriented adaptive risk-taking as a function of self-oriented neural
connectivity.



Table 3. Best-fitting models for behavioral and neural trajectories
for each context (parent, self) and differences between context
(parent-self)

95% confidence

interval
Estimate SE P-value Lower Upper
Adaptive risk-taking

Parent

Intercept 0.095 0.007  <0.001 0.081 0.110

Linear grade -0.0001 0.005 0.98 -0.0.009 0.009
Self

Intercept 0.093 0.007  <0.001 0.078 0.108

Linear grade 0.009 0.005 0.07 -0.001 0.018
Parent-self

Intercept 0.002 0.005 0.77 -0.009 0.012

Linear grade -0.008 0.003 0.02 -0.015 -0.002

VS-TPJ/pSTS

Parent
Intercept -0.005 0.012 0.65 -0.029 0.018
Linear grade -0.002 0.007  0.75 -0.016 0.011
Self
Intercept 0.020 0.012 0.09 -0.003 0.042

Linear grade -0.015 0.006  0.01 -0.026 -0.003

Parent-self

Intercept -0.020 0.017 0.24 —-0.053 0.013
Linear grade 0.009 0.009 0.36 -0.010 0.027
VS-mPEC
Parent
Intercept -0.003 0.014 0.85 -0.030 0.025
Linear grade -0.003 0.007  0.67 -0.018 0.012
Self
Intercept -0.007 0.011 0.53 -0.030 0.015

Linear grade —0.0003 0.006 0.96 -0.013 0.012
Parent-self
Intercept 0.005 0.018 0.80

Linear grade -0.004 0.010  0.70

-0.032 0.041
-0.024 0.016

There were no significant relationships between neural
connectivity for the parent and adaptive risk-taking for the
self (Ps>0.14), nor any interactions with grade (Ps>0.10;
Table 4). See supplementary material for within-context asso-
ciations (i.e. how neural connectivity for the self and the par-
ent predict adaptive risk-taking for the self and the parent,
respectively).

Discussion

The goal of the current study was to investigate the development
of self-other overlap in the context of decision-making by prob-
ing the differentiation and the relationship between the self and
other in adaptive risk-taking in adolescence. For ‘differentiation’,
we examined (i) how adolescents make adaptive risk decisions for
themselves and their parent, and how this differentiation changes
across time and (ii) how the VS-TPJ/pSTS and the VS-mPFC func-
tional connectivity track EV of potential reward for themselves
and their parent, and how this differentiation changes across
time. For ‘relationship’, we examined how functional connec-
tivity that tracks EV when adolescents make risky decisions for
themselves and their parent predict adaptive risk decisions for
their parent and themselves, respectively, and how this self-other
relationship changes across time.
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Differentiation between the self and other

At the behavioral level, adolescents took more adaptive risks for
themselves than for their parent over time. This behavioral pat-
tern aligns with adolescents’ increasing individuation and shifts
away from their family (McElhaney et al., 2009). Greater inde-
pendence in later adolescence parallels more adaptive risks for
themselves relative to their parent. This may suggest that older
adolescents are especially sensitive to the EV of potential rewards
when they themselves are at stake during risk-taking. Further,
greater self-oriented than other-oriented adaptive risks might be
especially important as adolescents transition from middle to
high school. Relative to other-oriented adaptive risks, greater self-
oriented adaptive risks could allow adolescents to prioritize their
new social needs and be more sensitive about being safe in some
risky situations (e.g. abstaining from substance use) while being
risky in others (e.g. joining a new extracurricular group). In tan-
dem, relatively stable adaptive risk-taking for the parent may
be indicative of a consistent other-oriented adaptive risk-taking,
whereby this behavior does not necessarily improve nor worsen
over time and is thus in place by early adolescence. Together,
being able to make more adaptive risks for themselves than for
their parent could allow older adolescents to strategically navi-
gate and succeed independently in their new social environment.

At the neural level, VS-TPJ/pSTS and VS-mPFC connectivity
did not differ between the self and the parent across time.
Although unexpected, this could indicate that while VS-TPJ/pSTS
and VS-mPFC are involved in social contextual decision-making
(e.g. Do and Telzer, 2019), such connectivity may similarly track
reward value for themselves and their parents. Nonetheless, we
did find longitudinal decreases in VS-TPJ/pSTS that tracks EV
when adolescents made risky decisions for themselves, albeit this
trajectory did not significantly differ from parent. Such decreas-
ing neural tracking of EV may indicate that VS-TPJ/pSTS in early
adolescence may be more sensitive to potential gain of reward
than to potential loss when making risky decisions for the self (i.e.
stronger coupling as EV increases). This pattern reverses in later
adolescence such that the same connectivity may be more sensi-
tive to potential loss of reward than to potential gain for the self
(i.e. stronger coupling as EV decreases). Indeed, neural processing
of gain and loss differentially develops during adolescence (Insel
and Somerville, 2018), corroborating that sensitivity to expected
reward value differs across adolescence. Findings suggest that
shifting VS-TPJ/pSTS connectivity may underlie changing sensi-
tivity to reward in the context of decision-making for the self
and underscores the importance of specific social brain regions in
modulating self-related behaviors during adolescence (Crone and
Fuligni, 2020). Although both the TPJ/pSTS and the mPFC are parts
of the ‘social brain network’, they are implicated in different pro-
cesses of perspective-taking such that the TPJ is more involved in
cognitive perspective-taking such as understanding others’ goal-
directed behaviors, while the mPFC is more involved in affective
perspective-taking such as understanding others’ traits and emo-
tions (Ma et al.,, 2012; Koster-Hale et al., 2017). Developmental
changes in the VS-TPJ/pSTS connectivity that subserves self-
oriented adaptive risk-taking demonstrate that youth are differ-
entially thinking about others’ goals and intentions to guide their
own decision-making process, and so taking adaptive risks even
in the absence of social contextual cues may be highly socially
sensitive.
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Fig. 4. VS-TPJ/pSTS connectivity that tracks EV of potential reward when adolescents make risky decisions for themselves significantly changed

across time.

Relationship between the self and other

We also examined how closely related the self and other are
by investigating whether neural tracking of EV when adoles-
cents make risky decisions for themselves is linked to adaptive
risks for their parent. We found that greater VS-TPJ/pSTS and
VS-mPFC that track EV for the self are differentially associated
with adaptive risks for their parent across adolescence. In 6th
grade, greater connectivity when making risky decisions for the
self was significantly associated with taking more adaptive risks
for the parent, suggesting that greater coupling between brain
regions that encode reward and social information is particularly
crucial in early adolescence for promoting other-oriented adap-
tive risks. When early adolescents make adaptive risky decisions
that involve themselves, they may recruit the VS to gauge the
expected reward, which in turn may recruit TPJ/pSTS and mPFC
to mentalize about the self and others (e.g. “Will I win money if
I take a risk now?’ and ‘Will my parent be proud of me?’). Taken
together, greater mentalizing about the self and others in one’s
own decision-making may serve as a leverage point for taking
adaptive risks for others.

Interestingly, the relationship between neural tracking of EV
for themselves and adaptive risks for their parent shifts across
development, such that by 9th grade, older adolescents with
lower VS-mPFC (but not VS-TPJ/pSTS) connectivity that tracks EV
for themselves take more adaptive risks for their parent. Other-
oriented adaptive risk decisions may become more automatic
with development, such that older adolescents mentalize about
others more effortlessly during this process and therefore do not
recruit VS-mPFC connectivity as much as younger adolescents.
Indeed, lower VS-mPFC coupling during risk-taking in a social

Table 4. Self- and other-oriented neural connectivity predicting
other- and self-oriented adaptive risk taking, respectively

[8) SE P-value

Self predicting parent

VS-TPJ/pSTS 0.119 0.057 0.04

VS-TPJ/pSTS x grade -0.095 0.046 0.04

VS-mPFC 0.133 0.061 0.03

VS-mPFC x grade -0.101 0.043 0.02
Parent predicting self

VS-TPJ/pSTS —-0.064 0.057 0.27

VS-TPJ/pSTS x gade 0.009 0.041 0.82

VS-mPFC -0.074 0.049 0.14

VS-mPFC x grade 0.062 0.037 0.10

context in a similar age group represents a mature neural phe-
notype (Guassi Moreira and Telzer, 2018b), demonstrating that
our finding of decreasing VS-mPFC connectivity in 9th grade may
be developmentally normative and contributes to adaptive social
behaviors. In sum, these findings show a developmental shift in
self-oriented reward valuation that supports other-oriented adap-
tive risks, such that different patterns of self-oriented neural
tracking enhance other-oriented adaptive behaviors at different
developmental stages.

Although some studies have shown that greater theory of mind
in youth predicts a better understanding of the self (Biatecka-
Pikul et al.,, 2020), our results demonstrate that other-oriented
neural tracking does not predict self-oriented adaptive risks. This
may indicate that self-oriented neural circuitry may develop
prior to other-oriented neural circuitry. Indeed, we observed
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Fig. 5. Longitudinal changes in the relationship between self-oriented neural tracking of EV and other-oriented adaptive risk-taking in the (A)

VS-TPJ/pSTS and the (B) VS—-mPFC.
*Above each line indicates P<0.05.

developmental changes in VS-TPJ/pSTS connectivity that tracks
self-oriented rewards but not other-oriented rewards, suggesting
that other-oriented neural tracking of EV may occur develop-
mentally later or may be attenuated across development. This
corroborates previous research that evince neurodevelopmental
changes in the TPJ that underlie a shift from the self to the
other (van den Bos et al., 2011). Neural markers associated with
the self therefore informs how adolescents interact with their
close others and community at large (Crone and Fuligni, 2020),
which aligns with prior research showing that neural sensitiv-
ity associated with the self serves as a proxy for understanding
others in adults (e.g. Waytz and Mitchell, 2011). Taken together,
neural indices associated with the self in early adolescence can
already be used as a basis for thinking about and understanding
close others, which have implications on youth'’s social function-
ing and how they engage with others in positive and adaptive
ways.

Limitations

The current study uses novel methods to examine the neurodevel-
opment of adaptive risks for self and others across adolescence.
Using a large, longitudinal sample provided multiple strengths
such as accounting for within-person changes in brain and
behavior and identifying neural predictors that promote adaptive
behaviors. Nonetheless, this study has limitations. First, distinct
patterns may arise if positive and negative EVs were tested sep-
arately. Although the goal of our study was to understand the
linear tracking of EV, some studies have shown that trajectories
of decision-making differ between positive and negative EV such
that affinity for advantageous trials peaked in mid-adolescence
while that for disadvantageous trials decreased linearly across
time (Cauffman et al., 2010). Given the developmental differ-
ences in approach and avoidant behaviors, future investigations
should tease apart the two types of EVs in order to test whether
or not there are social contextual differences between the two.
Second, the current study utilized an ROI approach to examine
functional connectivity. Since we did not identify developmen-
tal differences in functional connectivity by the self and the
parent in VS-mPFC or VS-pSTS/TPJ, it is possible that regions
beyond those identified by our ROIs (i.e. precuneus) are differ-
entially connected across adolescence as a function of context.

Future investigations should use longitudinal whole-brain meth-
ods in order to expand these research questions and enrich our
understanding beyond the a priori regions identified in this study.
Third, we utilized adolescents’ grade to examine developmental
effects since youth's risk-taking behaviors, particularly in social
contexts, may be contingent on their social experiences that are
linked to their grade levels in school. Our study examined ado-
lescents from the start of middle school to the start of high
school; however, school systems vastly vary across countries
and so our results pertain primarily to US adolescents. Future
investigations should query how our findings extend to non-US
samples.

Conclusion

In conclusion, the current longitudinal fMRI study extends our
understanding of self-other overlap during adolescence. In partic-
ular, our study highlights that adolescents take increasingly more
adaptive risks for themselves than for their parent. Further, self-
oriented neural development supports other-oriented adaptive
behaviors, underscoring the central role of the self in under-
standing and engaging with others. In particular, our results
highlight that developmental shifts in self-oriented neural con-
nectivity patterns predict other-oriented adaptive risk decisions,
which suggests that changing interactions between reward and
social brain systems have implications on youth’s changing social
behaviors.
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