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Associations Among Pubertal Development, Empathic Ability, and Neural
Responses While Witnessing Peer Rejection in Adolescence
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Links among concurrent and longitudinal changes in pubertal development and empathic ability from ages 10
to 13 and neural responses while witnessing peer rejection at age 13 were examined in 16 participants. More
advanced pubertal development at age 13, and greater longitudinal increases in pubertal development, related
to increased activity in regions underlying cognitive aspects of empathy. Likewise, at age 13 greater perspec-
tive taking related to activity in cognitive empathy-related regions; however, affective components of empathy
(empathic concern and personal distress) were associated with activity in both cognitive and affective pain-
related regions. Longitudinal increases in empathic ability related to cognitive and affective empathy-related
circuitry. Findings provide preliminary evidence that physical and cognitive-emotional development relate to
adolescents” neural responses when witnessing peer rejection.

In adolescence, peer relationships take on new
importance as youth spend more time with peers
and place more value on peer belonging (Brown,
2004). Unfortunately, due to the high value placed
on maintaining peer relationships, peer rejection
and bullying become increasingly prevalent at this
age (Brown, 2004), and are associated with many
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negative outcomes (Arseneault, Bowes, & Shakoor,
2010; Brendgen & Vitaro, 2008; Isaacs, Hodges, &
Salmivalli, 2008; Lev-Wiesel, Nuttman-Shwartz, &
Sternberg, 2006; Prinstein, Sheah, & Guyer, 2005).
Furthermore, it is not just increases in firsthand
experiences of peer rejection that adolescents worry
about. Even adolescents who are not themselves
rejected by others are still exposed to, and impacted
by, the peer rejection they see happening to others
(Janes & Olson, 2000; Nishina & Juvonen, 2005). In
fact, most adolescents witness peer rejection on a
regular basis in their daily environment (Rivers,
Poteat, Noret, & Ashurst, 2009) and observe peer
rejection and bullying at least as often as they expe-
rience it firsthand (Nishina & Juvonen, 2005).
Recently, neuroimaging techniques have been
used to examine adolescents’” emotional responses
and empathy when they witness others being
rejected (Masten, Eisenberger, Pfeifer, & Dapretto,
2010, 2012). Functional magnetic resonance imaging
(fMRI) is particularly useful because it permits the
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study of processes underlying peer interactions as
they are occurring, rather than relying solely on ret-
rospective self-reports or observer ratings, which
are limited in their ability to tap in-the-moment
processes. In addition, fMRI has the potential to disen-
tangle simultaneous, distinct processes that co-occur
when a social interaction is being observed, which
together create an individuals’ overall subjective
experience. Furthermore, fMRI is also particularly
useful for studying social developmental processes
because it allows examination of how social
contexts or individual differences might alter
underlying affective and cognitive processes. In
other words, it can help reveal how certain devel-
opmental constructs (e.g., pubertal development
or empathic processing) might modulate affective
and cognitive neural processes engaged during
peer-related events. Thus, this method provides
a unique perspective when trying to understand
correlates of adolescent behavior (see also
Masten & Eisenberger, 2009; Pfeifer & Blakemore,
2012).

Prior work has shown that affective and cogni-
tive neural processes may impact how individuals
subjectively experience the observation of peer
exclusion (details in the next section). However, as
major social changes in adolescence (i.e., increased
peer rejection) coincide with many physical and
cognitive changes (see Nelson, Leibenluft, McClure,
& Pine, 2005; Steinberg, 2004, 2007), neural pro-
cesses underlying peer interactions are likely related
to ongoing physical and cognitive emotional devel-
opment across this transitional period. For example,
structural and functional reorganization of neural
networks involved in social and empathic processes
occur during puberty and are thought to interact
with social and behavioral changes at this age
(Blakemore, 2008; Blakemore, Burnett, & Dahl,
2010; Bramen et al, 2011; Decety, 2010; Nelson
et al., 2005). Moreover, hormonal changes precipi-
tated by puberty are thought to be one of the most
important influences driving social reorientation in
adolescence (e.g., Forbes & Dahl, 2010) and are
therefore likely to have direct links with the neural
underpinnings of adolescent social processes. Thus,
the goal of this study was to build on prior research
by examining how longitudinal changes across the
transition to adolescence in two developmental
indices—pubertal development, an indicator of
physical change, and empathic ability, an indicator
of both cognitive (i.e., perspective taking) and emo-
tional (i.e.,, empathic concern, personal distress)
change—relate to adolescents’” neural responses
when they witness peer rejection.
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The Cognitive and Affective Components of Empathy

Research examining the processes underlying
empathy has typically focused on two different
aspects of empathic experiences (e.g., Baron-Cohen,
2003; Eisenberg, 2000; Eisenberg, Spinrad, & Sadov-
sky, 2006). First, there are the cognitive abilities that
enable people to understand the mental states of
other (skills often termed mentalizing; Frith, Leslie,
& Morton, 1991). Second, there is the affective
dimension of empathy, which allows people to
share or “mirror” the emotions and pain of others.
Recently, neuroimaging research has indicated that
two different neural networks underlie the cogni-
tive and affective components of empathy (Decety,
2010; Decety & Meyer, 2008; Shamay-Tsoory,
Aharon-Peretz, & Perry, 2009; Singer, 2006; Singer
& Lamm, 2009). Typically, the cognitive component
of empathy is thought to rely on the “mentalizing
network”—a network of regions that are associated
with various aspects of mentalizing, including the
posterior superior temporal sulcus (pSTS), the temp
oral poles, the precuneus and posterior cingulate
cortex (PCC), the temporal-parietal junction (TP]),
and the medial and dorsomedial prefrontal cortex
(MPFC-DMPEC; Frith & Frith, 1999, 2003, 2006;
Mitchell, Banaji, & Macrae, 2005; Saxe, 2006; Singer,
2006). In contrast, the neural regions underlying the
affective component of empathy are thought to be
those that are activated during both firsthand and
vicarious affective experiences. For example, the
anterior insula is activated by both direct and
observed experiences of disgust (Wicker et al., 2003),
the amygdala is activated during direct and observed
fear (Whalen et al., 2001), and the dACC and ante-
rior insula are activated by direct and observed phys-
ical pain in adults (Botvinick et al., 2005; Jackson,
Bruney, Meltzoff, & Decety, 2005; Morrison, Lloyd,
Di Pellegrino, & Roberts, 2004; Singer et al., 2004;
Singer et al., 2006) and children (Decety, Michalska,
& Akitsuki, 2008). Both the insula and amygdala are
also activated among children when they both
observe and make emotional face expressions (Pfeifer,
Iacoboni, Mazziotta, & Dapretto, 2008).

Neural Correlates of Witnessing Social Exclusion

A few studies have examined the neural corre-
lates of empathy-related processes engaged while
observing social exclusion specifically. In adults,
viewing exclusion (vs. inclusion) activates regions
in the mentalizing network (DMPFC, MPFC,
VMPEC, precuneus; Masten, Morelli, & Eisenberger,
2011). The affective pain network (dACC, Al) is
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also activated during observed exclusion in individ-
uals reporting high levels of empathy (Masten
et al., 2011), and among friends of the excluded vic-
tim (Beeney, Franklin, Levy, & Adams, 2011; Meyer
et al.,, 2012)—suggesting that sharing the affective
experience of the victim might depend on feelings
of closeness or similarity to the victim or being able
to relate to him or her more. In terms of adoles-
cents, a recent study demonstrated that 13-year-olds
also display activity in the mentalizing network
(DMPFC, MPFC, precuneus, pSTS) when viewing
peer exclusion (Masten et al., 2010). Interestingly, in
this study, there was no evidence of affective pain
processes even in adolescents who reported being
more empathic. However, we used a single unidi-
mensional empathy measure in this early study,
which may not have been sensitive enough to sepa-
rately index cognitive and affective components of
empathy, or their respective associations with dis-
tinct networks of brain activity.

Pubertal Development and Changes in Empathic Ability
in Adolescence

To wunderstand adolescents’ neural responses
when they witness negative interactions among
their peers, it is crucial to consider the many devel-
opmental factors that might modulate individuals’
responses. First, it is commonly hypothesized that
many of the social changes occurring in adolescence—
including the increasing salience of peers—coincide
with early stages of pubertal development, and
occur as a result of puberty-related hormonal
changes (Blakemore et al,, 2010; Forbes & Dahl,
2010; Nelson et al., 2005; Steinberg, 2004, 2007).
Next, youth also make significant strides in terms
of empathic ability as they transition to adolescence
(Eisenberg, Miller, Shell, McNally, & Shea, 1991),
which is not surprising given increased time spent
with peers and concern about peer acceptance. In
fact, given known links between empathy and suc-
cessful social communication (Denham, Renwick-
DeBardi, & Hewes, 1994; de Vignemont & Singer,
2006; Zahn-Waxler, Cole, Welsh, & Fox, 1995;
Zahn-Waxler, Radke-Yarrow, Wagner, & Chapman,
1992), empathic ability may continue to develop in
adolescence precisely because of the increased need
for empathy-related skills that facilitate successful
peer interactions (Eisenberg & Morris, 2004;
Eisenberg, Morris, McDonald, & Spinrad, 2009).
Although there has been a shortage of empirical
work examining direct links between puberty and
empathy, recent research has linked pubertal devel-
opment with: assessment of others’ opinions and

feelings (Burnett, Thompson, Bird, & Blakemore,
2010)—a skill that becomes particularly important
in adolescence when the perceived opinions of
peers are highly salient (Brown, 2004); heightened
stress due to social evaluation (Gunnar, Wewerka,
Frenn, Long, & Griggs, 2009; Sumter, Bokhorst,
Miers, Van Pelt, & Westenberg, 2010); increased
sensation seeking (Martin et al.,, 2002) and emo-
tional reactivity (Silk et al.,, 2009; Spear, 2009); as
well as greater “mentalizing” ability (Keulers,
Evers, Stiers, & Jolles, 2010). It is likely also associ-
ated with increasing interest in, and efforts to inter-
act with, peers (Forbes & Dahl, 2010). In fact,
Forbes and Dahl (2010) posit that puberty-related
hormonal increases are a major catalyst underlying
adolescents’ ability and motivation to maintain peer
relations. Thus, it is crucial to examine how puber-
tal factors relate to peer interactions and social
cognitive advances at this age.

In terms of brain development, a significant
degree of structural reorganization and functional
changes are thought to occur concurrently with
puberty and relate to the social changes that accom-
pany adolescence (Blakemore, 2008; Blakemore
et al., 2010; Bramen et al., 2011; Nelson et al., 2005).
Similarly, many of the regions linked to both the
cognitive and affective components of empathy
undergo significant structural and functional
change across the adolescent transition (Blakemore,
2008; Blakemore et al., 2010; Decety, 2010; Nelson
et al,, 2005). To our knowledge, interrelated influ-
ences of puberty and empathy on neural processing
have not yet been examined. However, pubertal
development has been linked with prefrontal corti-
cal activity during reward processing (Forbes et al.,
2010), as well as both limbic and prefrontal cortical
activity during facial emotion processing (Moore
et al., 2012). Thus, pubertal development appears to
be associated with activity in some of the same
neural networks that are involved in both cognitive
and affective aspects of empathy. Together, this
research indicates that pubertal development and
increasing empathic ability likely have important,
interrelated links with adolescents” social experi-
ences at behavioral and neural levels.

Clearly, understanding the roles of pubertal
development and empathic ability is crucial to
understanding adolescents” social interactions.
Moreover, witnessing peer rejection is a particularly
common type of peer interaction in adolescence that
depends on relatively advanced cognitive abilities
and higher order cortical function for its under-
standing. Thus, it is important to examine how
pubertal development and empathic ability relate to



adolescents’ responses when they witness these peer
encounters. So far, there is limited research on this
topic—particularly with regard to how these con-
structs are represented at the neural level. Addition-
ally, little is known about how changes in pubertal
development and empathic ability across the transi-
tion to adolescence are associated with neural func-
tioning in the context of witnessing peer rejection.

The goal of this study was to examine how two
developmental indices—pubertal development and
empathic ability, measured both concurrently (at age
13) and longitudinally across the adolescent transi-
tion (from ages 10 to 13)—might be related to adoles-
cent’s neural responses when they witnessed peer
rejection (i.e., a neural index of their empathy for
peers) at age 13. In particular, we measured pubertal
development via self-reports of physical appearance
and maturation. In addition, we used three separate
dimensions of empathic ability—empathic concern,
personal distress, and perspective taking (instead of
the single dimension examined in Masten et al.,
2010)—because dimensions of empathy that are
more cognitively or affectively focused might differ-
entially relate to activity in mentalizing or affective
pain regions. We also measured concurrent self-
reports, as well as longitudinal increases across the
adolescent transition for both pubertal development
and empathic ability, to examine: (a) current status
(i.e., the level of development achieved) and (b)
changes (i.e., the amount of development occurring
during the transition) for each of these measures, in
relation to neural responses to peers.

Measuring longitudinal increases was of particu-
lar interest given recent literature focusing on veloc-
ity of change as a key predictor of social emotional
outcomes in adolescence. For example, there is
wide variation in the rate at which youth progress
through puberty (e.g., Mendle, Harden, Brooks-
Gunn, & Graber, 2010), and because puberty is
itself a stressful life transition that all youth must
face (see Ge et al., 2003), physiological or cognitive
changes occurring at a faster than average rate
might result in a need for especially rapid
adjustment to new social demands and experiences.
Indeed, accelerated pubertal change or “pubertal
tempo” (i.e., a larger degree of pubertal maturation
across a specific time frame) has been linked to
depressive symptoms in adolescence, particularly
for boys (Ge et al., 2003; Mendle et al., 2010).

Hypotheses

First, based on previous developmental research,
we predicted that pubertal development and
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empathic ability would be positively associated
with each other both at age 13 and across the ado-
lescent transition (from ages 10 to 13).

In terms of neural associations, we hypothesized
that adolescents who reported more advanced
pubertal development at age 13 would display
greater activity in regions associated with mentaliz-
ing and affective pain processing while seeing
another adolescent being excluded. In addition, we
explored whether longitudinal increases in pubertal
development from ages 10 to 13 might also relate
to greater neural responses suggestive of empathy
for an excluded peer (in both mentalizing and affec-
tive pain-related regions) at age 13. Although prior
work on this topic is limited, we speculated that
rapid physical change coinciding with the social
contextual changes that characterize the adolescent
transition (e.g., greater peer orientation, middle
school transition) might relate to enhanced sensitiv-
ity to peers’ emotions. In other words, because
emotional advances are known to accompany
pubertal change (Burnett et al, 2010; Forbes &
Dahl, 2010; Keulers et al., 2010), one possibility is
that rapid pubertal development—during the pre-
cise period when peer importance increases—might
relate to similarly accelerated increases in peer
salience and emotional understanding.

In terms of empathic ability, we expected that
greater empathic ability at age 13 would, in general,
relate to more cognitive and affective empathy-
related neural activity during observed peer exclu-
sion. Specifically, however, we expected that higher
perspective taking scores would relate to more neu-
ral evidence of mentalizing, while empathic concern
and personal distress would relate to more neural
evidence of affective pain processing. Regarding
longitudinal changes in empathic ability, we
expected positive associations between increasing
empathic ability from ages 10 to 13 and neural evi-
dence of both mentalizing and affective pain pro-
cesses at age 13. But, as the high salience of peers
at this age might increase anxiety about negative
peer interactions (i.e., more personal distress), or
more concern for others who are observed being
negatively treated (i.e., greater empathic concern),
we expected that increases in these affective
dimensions of empathic ability in particular might
relate to corresponding increases in neural activity
related to affective components of empathy during
observed peer exclusion.

Finally, given that pubertal changes, increasing
social cognitive skills, and neural functioning during
peer interactions are likely to be meaningfully inter-
related during adolescence, exploratory mediation
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analyses were conducted to derive clues about the
possible directionality of the relations among these
variables. Specifically, we tested two mediation
pathways. First, given the commonly posited the-
ory that functional reorganization of the brain
accompanies puberty and relates to subsequent
social changes (Blakemore, 2008; Blakemore et al.,
2010; Bramen et al., 2011; Nelson et al., 2005), we
examined if a neural mechanism (increased
responses during observed exclusion) might help
explain the positive relation between pubertal
development and empathic ability. Next, as emo-
tional and cognitive advances are known to accom-
pany puberty and relate to emerging patterns of
brain function (Burnett et al., 2010; Forbes & Dahl,
2010; Keulers et al.,, 2010), we examined whether
a cognitive-emotional =~ mechanism (increasing
empathic abilities) might help explain the positive
relation between pubertal development and neural
responses to observed peer exclusion.

Method
Participants

An ethnically and socioeconomically diverse
sample of 16 typically developing youth (nine
females) completed data collection at two time
points separated by 3 years (M =3.17 years,
SD = .29). To examine the effect of pubertal status
unconfounded by age, we recruited participants in
an extremely narrow age range. At Time Point 1,
participants were 10 years old (M = 10.07 years
old, SD =.30), and at Time Point 2, they were
13 years old (M = 13.17 years old, SD =.29) and
had attended at least 1 year of middle school. Par-
ticipants came from a range of ethnic backgrounds—
62% Caucasian, 19% Asian, 13% Latino (including
one individual who reported being Latino and
Native American), 6% African American—and
socioeconomic backgrounds; maternal education
ranged from high school diploma to advanced
graduate degrees (Mdn = bachelor’s degree), and
total household income ranged from less than
$25,000 to greater than $400,000 (Mdn = $65,000—
$80,000). The study was initially presented to par-
ticipants and their parents as a longitudinal exami-
nation of adolescent brain development, and
recruitment was performed via mass mailings, sum-
mer camps, and fliers distributed in the Greater Los
Angeles area so as to obtain a sample that was as
representative as possible. Participants had no his-
tory of psychiatric, neurological, or medical disor-
ders. All participants and parents provided assent

or consent, which was approved by UCLA’s Institu-
tional Review Board.

This sample is identical to that examined (at age
13 only) in Masten et al. (2010), but all analyses and
findings are unique from those reported previously.

Owverview of Procedures and Task

The goal of this study was to examine how par-
ticipants” neural responses to witnessing peer rejec-
tion related to their concurrent pubertal
development and empathic ability, as well as their
longitudinal changes in these variables across the
3-year period preceding the witnessed event (ie.,
from ages 10 to 13)—a period thought to span the
transition to adolescence. Thus, participants com-
pleted self-reports of both pubertal development
and empathic ability at age 10 and again at age 13
(see details in the next section). Then, at age 13
(and at least 1 day after the completion of the self-
reports), participants underwent fMRI while they
believed they were observing another adolescent
(who was their same age and gender) being
socially excluded by others. To simulate this exclu-
sion, participants observed two rounds of the com-
puter task “Cyberball” (Williams, Cheung, & Choi,
2000; Williams et al., 2002), during which three
“players” (who were actually computer pro-
grammed) ostensibly played a ball-tossing game
together. On their screen, participants could see
three icons representing each “player,” and they
watched as the icons (supposedly controlled by the
players) passed the ball back and forth. Prior to
the scan, the experimenter explained that the pur-
pose of the study was to examine neural activity
during the observation of social interaction. Partici-
pants were then told that three individuals their
age had volunteered to play the game via the
Internet during their scan, and they were given the
first names and genders of these “previous partici-
pants” (one male, one female, and a third player,
who was to be “excluded” by the first two, whose
gender matched that of the participant). Partici-
pants were instructed to watch the game closely
and think about what the players might be think-
ing or feeling, how they were treating each other,
and what strategies they might have for deciding
the recipient of each ball toss. In the first round,
participants observed all players being included in
the game equally (60 throws total). In the second
round, one player was excluded by the others after
being included for 10 throws and was left out for the
rest of the game. Exclusion was used as a proxy for
peer rejection based on evidence that isolating peers



from social groups is a common way of rejecting peers
in adolescence (Coie, Dodge, & Kupersmidt, 1990).

Evidence of Task Validity

Cyberball has elicited feelings of distress and
empathy for observed victims of exclusion in prior
neuroimaging studies (Beeney et al.,, 2011; Masten
et al., 2010; Masten et al., 2011; Meyer et al., 2012).
In addition, careful measures taken in this study
support Cyberball’s ecological validity.

Evidence from previous literature. First, previously
published data (Masten et al., 2010) provide evi-
dence for the effectiveness of Cyberball. After
watching the exclusion round of Cyberball, partici-
pants reported their state empathy (i.e., how much
it hurt to watch the victim being excluded). These
reports of state empathy indicated that participants
experienced empathic feelings as they watched the
exclusion. Next, participants wrote e-mails to the
excluded victims, which were later coded for evi-
dence of prosocial behavior (e.g., offering support or
comfort). Participants displayed moderate amounts
of prosocial behavior, again suggesting that they
were concerned for and wanted to help the
observed victim (see Masten et al., 2010, for details).

Cover story. In this study, extensive efforts were
made to maintain the cover story. Participants were
told that the “players” were real kids who had
already participated in the study. Participants were
even given the chance to volunteer to be a player in
a future participant’s game. Researchers also pre-
tended to call the players to establish their Internet
connections, and once during the scan participants
were told to wait while one of the players used the
restroom.

Manipulation  check. Participants completed a
manipulation check to ensure that they noticed the
social exclusion during Cyberball. After the scan,
they were asked to answer several yes or no ques-
tions about whether specific events happened dur-
ing the game (e.g, “One player was treated
unfairly,” “All the players participated in the game
the same amount”). They were told that this was
necessary “because each set of players acts differ-
ently.” All participants included in this study indi-
cated that one player had been left out during the
second round of the game.

Debriefing. After collection of all measures, par-
ticipants were thoroughly debriefed about the
deception in the study. They were also questioned
to make sure that they believed that they were
observing real people during the scan. All partici-
pants reported believing the cover story.
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Self-Report Measures

Pubertal development. Participants completed the
Pubertal Development Scale (PDS; Petersen, Crock-
ett, Richards, & Boxer, 1988) at ages 10 and 13. On
the PDS, participants self-report their visible devel-
opment of secondary sexual characteristics (e.g.,
growth spurt, pubic hair, etc.) using a scale from 1
(no development) to 4 (development already completed)
for five items. The PDS has shown good reliability
(as = .68 to .83) and validity (e.g., correlations with
physician ratings: rs = .61 to .67; correlations with
the sexual maturity scale—another self-report pub-
erty measure; see Duke, Litt, & Gross, 1980; Morris
& Udry, 1980; rs = .72 to .80) in prior samples of
early adolescents (see Brooks-Gunn, Warren, Rosso,
& Gargiulo, 1987; Petersen et al., 1988). Reliability
in the current sample was also good (a = .81). Par-
ticipants” composite PDS scores at age 13 reflect
their concurrent pubertal development. Scores at
age 13, after controlling for scores at age 10, reflect
changes in participants’ pubertal development dur-
ing the 3 years preceding the scan. To control for
scores at age 10, residualized scores for age 13 were
calculated, such that the group-level variance in
scores at age 13 that was explained by scores at age
10 was removed.

Empathic ability. To obtain indices of distinct
aspects of empathy that tapped both mentalizing
and affective pain processes, at ages 10 and 13 partic-
ipants completed three subscales of the Interpersonal
Reactivity Index (IRI; Davis, 1983, 1996) measuring;:
(a) empathic concern—a type of affective empathy
(e.g., “When I see someone being taken advantage
of, I feel kind of protective toward them”), (b) per-
sonal distress—another type of affective empathy
(e.g., “I sometimes feel helpless when I am in the
middle of a very emotional situation”), and (c) per-
spective taking—a type of cognitive empathy (e.g., “I
try to look at everybody’s side of an argument before
I make a decision”). Each of these subscales contains
seven items that are rated using a scale ranging from
1 (does not describe me at all) to 5 (describes me very
well). The IRI subscales have demonstrated satisfac-
tory internal reliabilities (ranging from .71 to .77) and
test-retest reliabilities (ranging from .62 to .71) in
prior samples (Davis, 1983), as well as expected
associations with related psychological variables,
supporting their validity (see Davis, 1983). Satisfac-
tory reliability was also found in the current sam-
ple (empathic concern: o =.79; personal distress:
o = .74; perspective taking: o = .79). Subscale scores
at age 13 reflect 3 dimensions of participants’
concurrent empathic ability. Scores at age 13, after
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controlling for scores at age 10, reflect changes in
these dimensions during the 3 years preceding the
scan.

fMRI Data Acquisition and Analysis

Data acquisition. Using a Siemens Allegra 3-Tesla
MRI scanner, images were collected during
functional scans lasting 2 min, 48 s (echo planar
T2*-weighted gradient-echo, TR = 2000 ms, TE =
25 ms, flip angle = 90°, matrix size 64 x 64, 36 axial
slices, FOV =20 cm; 3 mm thick, skip 1 mm) for
each round of Cyberball, and during a high-resolu-
tion structural scan (echo planar T2-weighted spin-
echo, TR =4000 ms, TE =54 ms, matrix size
128 x 128, FOV = 20 cm, 36 slices, 1.56 mm in-plane
resolution, 3 mm thick) to enable functional image
registration.

Data analysis. Neuroimaging data were prepro-
cessed and analyzed wusing SPM5 (Wellcome
Department of Cognitive Neurology, Institute of
Neurology, London, UK), and ROI extraction was
performed with the Marsbar toolbox in SPM (http://
marsbar.sourceforge.net). Preprocessing included
image realignment to correct for head motion, nor-
malization into a standard stereotactic space defined
by the Montreal Neurological Institute and the Inter-
national Consortium for Brain Mapping by averag-
ing 152 brains, and spatial smoothing with an 8 mm
Gaussian kernel, full width at half maximum, to
increase signal-to-noise ratio.

A block design was used. Each round of Cyber-
ball was modeled as a run with inclusion and
exclusion conditions modeled as blocks in the run.
Linear contrasts were calculated for each condition
comparison for each participant, and used in
whole-brain, random-effects analyses.

To examine relations between brain activity dur-
ing observed exclusion versus inclusion and self-
report measures, we used whole-brain and region of
interest (ROI) regression analyses. The purpose of
the whole-brain analyses was to look at the entire
brain volume for any areas in which individuals’
brain activity while witnessing peer exclusion related
to pubertal development and empathic ability.
Specifically, this analysis identified significant clusters
of activation representing the particular areas of the
brain in which the difference in activity during
observed exclusion versus inclusion among our par-
ticipants, significantly related to their individual dif-
ferences in concurrent and longitudinal self-reports.
In contrast, the purpose of the ROI analyses was to
examine the relation between each self-report mea-
sure and the average activity during observed exclu-

sion versus inclusion within specific regions
identified ahead of time as being meaningful for our
task (see ROI definition in the following section). In
other words, ROI analyses allowed us to identify
whether the average amount of activity displayed by
participants, during observed exclusion versus inclu-
sion, in specific a priori-defined brain regions, signif-
icantly related to their individual differences in
concurrent and longitudinal self-reports.

Thus, overall we examined how differences in
neural activity during observed exclusion versus
inclusion at age 13, across the whole brain and in a
priori-defined ROls, correlated with: (a) concurrent
pubertal development, (b) longitudinal changes in
pubertal development from ages 10 to 13, (c) con-
current empathic ability (i.e., empathic concern, per-
sonal distress, and perspective taking IRI subscale
scores), and (d) longitudinal changes in empathic
ability (i.e., changes in empathic concern, personal
distress, and perspective taking) from ages 10 to 13.

Whole brain analyses. First, we examined the
whole brain to localize areas of activity that were
most associated with pubertal development and
empathic ability. For each regressor (i.e., self-report
measure), we performed one correlational test (the
results of which are reported as both ¢ values and
r values), which revealed the specific brain areas in
which the regressor was significantly associated
with the difference in activity between observed
exclusion and inclusion. Because standard whole
brain analysis software only permits the identifica-
tion of clusters of activity above a specified thresh-
old, nonsignificant results are not reported as part
of our results.

Consistent with Masten et al. (2010), whole brain
analyses were thresholded at p <.005 for magni-
tude (uncorrected, minimum cluster size = 10 vox-
els), for all a priori-defined regions in mentalizing
networks (DMPFC, MPEC, TPJ, pSTS, PCC, tempo-
ral poles, precuneus), and affective pain networks
(dACC, AI, amygdala, subACC; Masten et al,
2009). Other regions were examined at an FDR-
corrected threshold (p <.05; see Lieberman &
Cunningham, 2009). Coordinates are reported in
Montreal Neurological Institute (MNI) format.

ROI analyses. Next, we examined adolescents’
pubertal development and empathic ability in rela-
tion to brain activity during observed exclusion ver-
sus inclusion in a set of a priori defined ROIs.
These ROIs were functionally defined (using the
Marsbar toolbox) as the clusters of activity in the
mentalizing network that were found to be signifi-
cantly more active during the main effect of
observed exclusion compared with inclusion in this



sample of adolescents (see Masten et al., 2010). Spe-
cifically, these ROIs included: one region in the
DMPEC (peak voxel [12 44 50]), t(15) =4.76,
p = .0005, k = 194 voxels; two regions in the MPFC
(peak voxel [16 70 12]), #(15) = 3.22, p = .005, k = 13
voxels, and (peak voxel [14 46 14]), t(15) = 3.96,
p =.001, k = 54 voxels; two regions in the precu-
neus (peak voxel [10 —66 48]), t(15) =4.18,
p = .0005, k = 433 voxels, and (peak voxel [-12 —62
50]), t(15) = 3.61, p = .005, k = 22 voxels; and one
region in the pSTS (peak voxel [58 —44 20]),
t(15) = 3.53, p = .005, k = 311 voxels (Masten et al.,
2010). Mean parameter estimates for each partici-
pant (which model the amplitude of the BOLD
response during observed exclusion vs. inclusion)
were then extracted and averaged across all voxels
in each ROI. Standard software (SPSS 16.0; SPSS,
Chicago, IL) was used to conduct regressions to
determine whether these parameter estimates were
related to each self-reported variable of interest. A
standard statistical threshold of p <.05 was used
for these ROI analyses; based on a priori hypothe-
ses, all tests were one-tailed.

Exploratory mediation analyses. Exploratory medi-
ation analyses were conducted to look at potential
directional relations among pubertal development,
empathic ability, and neural responses to observed
peer rejection. As traditional mediation tests can be
biased when used with small samples (Preacher &
Hayes, 2008), we employed a bootstrapping method
(scripted in SPSS; Preacher & Hayes, 2004) with
bias-corrected confidence intervals to more accu-
rately interrogate the significance of these media-
tional models (Preacher & Hayes, 2004; Shrout &
Bolger, 2002). Bootstrap analyses and estimates
were based on 2,000 bootstrap samples.

Results
Results for Self-Reported Variables

Descriptive information. As expected, participants’
PDS scores reflected significantly greater pubertal
development at age 13 (range =120 to 3.40,
M =247, SD = .71) compared to age 10 (range =
1.00 to 1.80, M =141, SD=.28), t(15) =6.32,
p <.001. In terms of empathic ability, participants
showed significant increases in empathic concern
from age 10 (range =2.00 to 4.43, M =324,
SD = .60) to age 13 (range = 2.29 to 4.43, M = 3.51,
SD = .57), t(15) = 1.90, p < .05, but their reports of
personal distress (age 10: range =2.00 to 3.00,
M =260, SD = .37; age 13: range = 1.57 to 4.43,
M =269, SD = .68), t(15) = .42, ns, and perspective
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taking (age 10: range = 1.57 to 4.50, M =3.17,
SD = .69; age 13: range = 2.00 to 4.29, M = 2.90,
SD = .55), t(15) = —1.01, ns, did not significantly
change across time.

Gender differences. Given that our sample size
was not large enough to meaningfully examine gen-
der differences, gender differences in pubertal
development and empathic ability (examined using
a series of one-way analyses of variance) are
reported here for descriptive purposes only. We do
not focus on gender differences in the remainder of
the results; however, it is worth noting that control-
ling for gender did not meaningfully change any of
our reported findings.

Boys and girls reported statistically equivalent
pubertal development at age 10 (boys: M = 1.46,
SD = 28; girls: M =1.38, SD = .29), F(1, 14) = .31,
ns; however, girls reported higher levels by age 13
(boys: M =209, SD = .61; girls: M =277, SD =
.66), F(1, 14) = 4.51, p = .05, and greater changes in
pubertal development from ages 10 to 13, F(1,
14) =6.97, p <.01. In terms of empathic ability,
boys reported marginally higher empathic concern
than girls at age 10 (boys: M = 3.49, SD = .79; girls:
M =3.05 SD =.34), F(1, 14) =234, p =.07, but
girls reported marginally higher empathic concern
than boys at age 13 (boys: M = 3.27, SD = .74; girls:
M =370, SD = .33), F(1, 14) = 2.51, p = .07, as well
as greater changes in empathic concern from ages
10 to 13, F(1, 14) = 1347, p < .005. Although girls
and boys reported similar personal distress at age
10 (boys: M =249, SD = .26; girls: M =2.69,
SD = 43), F(1, 14) = 1.21, ns, girls reported signifi-
cantly higher personal distress by age 13 (boys:
M =218 SD = 43; girls: M =3.08 SD = .57), F(1,
14) = 11.80, p < .005, and greater changes in per-
sonal distress from ages 10 to 13, F(1, 14) = 12.58,
p <.005. Girls and boys did not differ in their
reports of perspective taking at either time point:
age 10 (boys: M = 3.40, SD = .71; girls: M =298,
SD = .65), F(1, 14) =147, ns, and age 13 (boys:
M =286, SD =.77; girls: M =294, SD = .34), F(1,
14) = .09, ns, and there was no gender difference in
the degree to which perspective-taking ability chan-
ged from ages 10 to 13, F(1, 14) = .02, ns.

Associations among self-report variables. Intercorre-
lations of self-report variables are displayed in
Table 1. At age 13, pubertal development was posi-
tively related to personal distress and marginally
related to empathic concern. The relation between
pubertal development and perspective taking was
positive but not significant. In terms of relations
among the dimensions of empathic ability,
empathic concern was significantly related to per-
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Table 1

Intercorrelations of Self-Reported Pubertal Development and Three
Dimensions of Empathic Ability

1 2 3 4
1. Pubertal development — 38" 42 .31
2. Empathic concern .50* — .32 .55%
3. Personal distress 57 A7 — —-.02
4. Perspective taking 12 28 —.08 —

Note. Values above the diagonal represent correlations among
self-report variables measured at age 13. Values below the diago-
nal represent correlations among increases in self-report variables
measured from ages 10 to 13. All correlations presented included
14 df

p<.10.*p < .05.%p < 0L

spective taking at age 13 but not personal distress,
and perspective taking and personal distress were
not related. In terms of the associations among lon-
gitudinal changes, increases in puberty from ages
10 to 13 related to increases in empathic concern
and personal distress, but not perspective taking.
Increases in empathic concern were significantly
related to increases in personal distress but not per-
spective taking, and increases in perspective taking
and personal distress were not related.

Neuroimaging Results: Associations With Pubertal
Development

First, we examined if (a) adolescents” concurrent
pubertal status at age 13 and (b) their changes in
pubertal development from ages 10 to 13, were
associated with neural activity during observed
exclusion versus inclusion at age 13, in regions
linked to mentalizing and affective pain processing.
We examined correlations across the entire brain,
and in a priori-defined ROls.

Table 2

Whole brain analyses. Adolescents with greater
pubertal development at age 13 showed more activ-
ity in regions linked to mentalizing processes, as
they watched exclusion versus inclusion. Specifi-
cally, they showed greater activity in the bilateral
DMPEC (2 58 38, —8 46 28), PCC/precuneus (10
—56 44), bilateral TP] (48 —50 30; —42 —60 40), and
temporal pole (42 20 —32; 52 —2 —34 with anterior
spread covering inferior temporal gyrus and tempo-
ral pole). Table 2(a) lists details of activations. There
were no associations between pubertal development
at age 13 and activity during observed exclusion
versus inclusion in affective pain network regions
and no negative correlations between pubertal
developmental at age 13 and brain activity.

Among adolescents who showed greater
increases in pubertal development from ages 10 to
13, there was more differential activity during
observed exclusion compared to inclusion in two
areas of the DMPFC (—10 46 28; —4 60 36; see
online Figure S1A) and in the temporal pole (46 —8
—34 with anterior spread covering inferior temporal
gyrus and temporal pole). Table 2(b) lists details of
activations. There were no associations between
changes in pubertal development from ages 10 to
13 and activity during observed exclusion versus
inclusion in affective pain network regions, and no
negative correlations between increases in pubertal
developmental and brain activity.

ROI analyses. Adolescents with greater pubertal
development at age 13 showed a marginally greater
difference in activity during observed exclusion ver-
sus inclusion in one precuneus ROI (10 —66 48),
r(14) = 41, p = .056, in the pSTS ROI, r(14) = .37,
p=.082, and in one MPFC ROI (16 70 12),
r(14) = .36, p = .083. The links between pubertal
development at age 13 and activity in the other
ROIs were in the expected positive direction but

Brain Activity During Observed Exclusion Versus Inclusion Correlated With: (a) Concurrent and (b) Changes in Pubertal Development

(a) Concurrent puberty

(b) Changes in puberty

Region BA [xyz] t(14) r p BA [xy z] t(14) r p
DMPFC 8 R [2 58 38] 4.61 78 <.0005 9 L [—4 60 36] 3.96 73 <.001

9 L [-8 46 28] 3.70 .70 <.005 9 L [—10 46 28] 3.52 .69 <.005
PCC 7 R [10 —56 44] 3.76 71 <.005
TPJ 40 R [48 —50 30] 3.50 .68 <.005

40 L [—42 —60 40] 4.52 77 <.0005

Temporal pole 38 R [42 20 —32] 3.60 .69 <.005
Temporal pole-ITG 21 R [52 —2 —34] 4.58 77 <.0005 21 R [46 —8 —34] 4.03 73 <.001

Note. BA = Brodmann’s Area; L-R = left-right hemisphere; x y z = MNI coordinates; t =t score of local maxima; r = correlations
between regressors and brain activity; DMPFC = dorsomedial prefrontal cortex; PCC = posterior cingulate cortex; TP] = temporal-pari-
etal junction; ITG = inferior temporal gyrus.



not significant. In terms of changes in puberty from
ages 10 to 13, there were no associations with brain
activity during observed exclusion versus inclusion
in any ROIs.

Neuroimaging Results: Associations With Indices of
Empathic Ability

Next, we examined if (a) adolescents” concurrent
empathic ability (empathic concern, personal dis-
tress, and perspective taking IRI subscale scores at
age 13) and (b) their changes in this empathic abil-
ity from ages 10 to 13, were associated with neural
activity during observed exclusion versus inclusion
at age 13, in regions involved in mentalizing and
affective pain processing. We examined correlations
across the entire brain, and in a priori-defined
ROls.

Whole brain analyses. Adolescents with greater
empathic concern at age 13 displayed more activity
during observed exclusion versus inclusion in
regions previously linked with mentalizing—specif-

Table 3
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ically, the bilateral DMPFC (4 54 42; —20 44 38), the
MPEFEC (20 68 12), and the TP] (—40 —52 40), as well
as in a region previously linked with affective pain
processing—the Al (44 30 —10). Adolescents with
greater personal distress at age 13 also displayed
more activity during observed exclusion versus inclu-
sion in two areas of the DMPFC (-2 64 30; —4 54
44), and in the bilateral AI (36 20 —6; —38 14 —10).
Adolescents with greater perspective-taking ability
at age 13 showed more activity during observed
exclusion versus inclusion in two mentalizing
regions—the MPFC (2 68 4) and precuneus (4 —70
64), but showed no differential activity in any affec-
tive pain-related regions. Table 3(a) lists details of
activations. There were no negative correlations
between IRI subscale scores at age 13 and brain
activity.

In terms of changes in empathic ability from
ages 10 to 13, adolescents with greater increases in
empathic concern showed more differential activity
during observed exclusion versus inclusion in a
network of regions involved in mentalizing,

Brain Activity During Observed Exclusion Versus Inclusion Correlated With (a) Concurrent and (b) Changes in Empathic Ability

(a) Concurrent empathy ability

(b) Changes in empathic ability

Region BA [xyz] t(14) r p BA [xyz] t(14) r p
Empathic concern subscale of IRI
DMPFC 8 R [4 54 42] 4.70 .78 <.0005 8 R [10 44 42] 9.01 92 <.0001
8 L [—20 44 38] 4.39 .76 <.0005 8 R [4 54 42] 5.00 .80 <.0001
MPEC 10 R [20 68 12] 4.26 .75 <.0005 10 L [—2 66 2] 4.19 .75 <.0005
10 L [—2 66 24] 4.08 74 <.001
TP] 40 L [—40 —52 40] 3.85 72 <.001 40 R [54 —52 38] 453 77 <.0005
40 L [—44 —50 40] 3.39 .67 <.005
Temporal pole 38 R [44 12 —36] 3.13 .64 <.005
38/47 L [-36 20 —28] 5.02 .80 <.0001
Al R [44 30 —10] 4.85 .79 <.0005 R [44 24 —10] 8.65 .92 <.0001
L [—42 14 —14] 4.39 .76 <.0005
SubACC 25/11 L [-8 30 —12] 3.30 .66 <.005
Personal distress subscale of IRI
DMPEC 9 L [—2 64 30] 4.21 .75 <.0005 9 L [—2 64 30] 4.33 .76 <.0005
8 L [—4 54 44] 3.94 73 <.001 8 L [—4 54 48] 4.06 74 <.001
Al R [36 20 —6] 3.29 .66 <.005 R [36 20 —6] 3.29 .66 <.005
L [-38 14 —10] 3.39 .67 <.005 L [—40 12 —12] 3.34 .67 <.005
L [-36 32 —14] 3.46 .68 <.005
Perspective taking subscale of IRI
MPEC 10 R [2 68 4] 3.82 71 <.001
Precuneus 7 R [4 —70 64] 3.17 .65 <.005 7 R [2 —68 64] 3.52 .69 <.005
TP] 40 L [—40 —52 44] 4.11 74 <.001
Al R [50 6 6] 3.53 .69 <.005

Note. BA = Brodmann’s Area; L-R = left-right hemisphere; x y z = MNI coordinates; =t score of local maxima; r = correlations
between regressors and brain activity; DMPFC = dorsomedial prefrontal cortex; MPFC = medial prefrontal cortex; TPJ] = temporal-pari-
etal junction; Al = anterior insula; subACC = subgenual anterior cingulate cortex.
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including: two areas in the DMPFC (10 44 42; 4 54
42; see online Figure S1B), two areas in the MPFC
(=2 66 2, =2 66 24), two areas in the temporal
poles (44 12 —36; —36 20 —28), and the bilateral
TPJ] (54 —52 38; —44 —50 40). These adolescents
also displayed greater activity in affective pain-
related regions, including bilateral Al (44 24 —10;
—42 14 —14) and subACC (-8 30 —12). Adoles-
cents with greater increases in personal distress
from ages 10 to 13 showed more activity during
observed exclusion versus inclusion in regions
associated with mentalizing (DMPFC: —2 64 30;
—4 54 48; see online Figure S1C) and affective pain
processing (Al: 36 20 —6; —40 12 —12; —36 32
—14). Finally, adolescents with greater increases in
perspective taking from ages 10 to 13 showed
more activity during observed exclusion versus
inclusion in regions linked to mentalizing (precu-
neus: 2 —68 64; TP]: —40 —52 44) and affective
pain processing (Al: 50 6 6). Table 3(b) lists details
of activations. There were no negative correlations
between changes in IRI scores and brain activity.

ROI analyses. Adolescents with greater empathic
concern at age 13 displayed more activity during
observed exclusion versus inclusion in the DMPFC,
r(14) = .55, p < .05, and in one of the MPFC (16 70
12), r(14) = .61, p < .01, ROIs. This association was
not significant for the other ROIs. There were no
significant associations between brain activity in
any of the ROIs and adolescents’ personal distress
or perspective-taking ability at age 13.

Next, adolescents with greater increases in
empathic concern from ages 10 to 13 displayed
more activity during observed exclusion versus
inclusion in the DMPFC, r(14) = .66, p < .005; pSTS,
r(14) = 44, p < .05; and one of the MPFC, [16 70
12], r(14) = .64, p <.005, ROIs. The relations
between increases in empathic concern and activity
in the other ROIs were in the expected positive
direction, but not significant. There were no signifi-
cant links between ROI activity and increases in
adolescents’ personal distress or perspective taking
from ages 10 to 13.

Results of Exploratory Mediation Analyses

After separately examining how pubertal devel-
opment and empathic ability each related to neural
responses to observed exclusion, we performed
mediational tests to explore possible interrelations
among these three variables. For these analyses, we
focused on empathic concern as our index of
empathic ability because it was found to be the
most consistently linked to pubertal development

and neural activity in the analyses above (i.e., per-
sonal distress did not relate to any ROlIs, and per-
spective taking did not relate to any ROIs or
pubertal development). We also used estimated
neural activity from ROIs (rather than estimates
extracted from whole brain analyses) in these medi-
ation tests, so that indices of neural activity would
be independent from the measures of pubertal
development and empathic ability. Moreover, we
focused on ROIs that we identified as being the
most likely candidates for mediation based on the
above analyses. Specifically, we chose the MPFC
(16 70 12) ROI when testing concurrent relations
among puberty, empathic concern, and neural
activity at age 13, as well as both the MPFC (16 70
12) and pSTS ROIs when testing relations among
neural activity at age 13 and longitudinal increases
in pubertal development and empathic concern
from ages 10 to 13. These ROIs were identified as
likely candidates for mediation because they had
meaningful positive associations with each of the
two other variables included in each model. As the
bootstrapping method is specifically designed to
permit exploration of significant mediation in small
samples that are unlikely to yield p values meeting
traditional standards of significance, we used a
more liberal threshold of p < .20 to identify ROIs
that had “meaningful” positive relations with the
other variables. The MPFC (16 70 12) was the only
ROI showing a meaningful positive relation with
both pubertal development (r = .36, p =.08) and
empathic concern (r = .61, p <.01) at age 13. The
MPEC (16 70 12) and pSTS were the only ROIs
showing meaningful positive relations with both
increases in pubertal development (MPFC: r = .29,
p=.14; pSTIS: r= .36, p=.08) and increases in
empathic concern (MPFC: r = .64, p < .005; pSTS:
r = .44, p < .05) from ages 10 to 13.

First, we examined if a neural mechanism (i.e.,
increased MPFC or pSTS while observing peer
exclusion) might help explain the positive relation
between pubertal development and empathic con-
cern. However, none of these models reached sig-
nificance. Next, we examined whether a cognitive
mechanism (ie., increasing empathic concern)
might help explain the positive relation between
pubertal development and neural responses to
observed peer exclusion. For concurrent relations at
age 13, we found no significant mediation. Interest-
ingly, however, we did find that increases in
empathic concern from ages 10 to 13 significantly
mediated the link between increases in pubertal
development from ages 10 to 13 and MPFC activity
during observed peer exclusion at age 13 (95% CI



[.02, .81], p < .05). Of course, these mediation tests
are only preliminary due to the small sample size
tested. But, these findings provide initial support
for the notion that increasing empathic concern
across the transition to adolescence might help
explain the positive link between pubertal develop-
ment across this transition and adolescents” MPFC
responses to observed peer exclusion.

Discussion

The findings in this investigation provide new
information about how two important indices of
adolescent development—pubertal development
and empathic ability—relate to emotional and cog-
nitive neural responses while witnessing peer rejec-
tion. Our findings show positive links between
pubertal development and empathic ability across
the adolescent transition and provide preliminary
evidence that neural responses to witnessed peer
exclusion are associated with both concurrent levels
of, and longitudinal changes in, these two develop-
mental indices. Next, we discuss the significance of
these findings and their potential implications for
understanding adolescents” responses to peer inter-
actions that they witness in their daily lives.

First, correlations among self-report variables
indicated both concurrent and longitudinal associa-
tions between pubertal development and empathic
ability. Specifically, puberty was positively related
to empathic concern and personal distress at age
13. Additionally, there were positive relations
between changes in pubertal development and
changes in both empathic concern and personal dis-
tress from ages 10 to 13, which were not evident
for perspective taking. These longitudinal findings
provide some initial evidence that increases in affec-
tive aspects of empathic ability may be most likely
to accompany pubertal changes in early adoles-
cence. This is consistent with prior work that has
linked pubertal development and social emotion
processing (Burnett et al.,, 2010), social evaluative
stress (Gunnar et al., 2009; Sumter et al., 2010), and
other types of emotional reactivity (e.g., Silk et al,,
2009; Spear, 2009). Of course, it would be prema-
ture to dismiss a potential link between pubertal
development and perspective taking based on these
data, but these findings nevertheless highlight the
importance of examining related changes in puber-
tal development and emotional functioning during
the adolescent transition.

In terms of links with neural functioning, we
separately examined how pubertal development
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and empathic ability each related to neural
responses to observed peer exclusion. First, we
found that adolescents who reported higher levels
of physical maturation at age 13 displayed more
evidence of cognitive empathy-related processes at
the neural level (i.e., more activity in regions
involved in mentalizing). This is consistent with the
notion that puberty onset is accompanied by a
greater sensitivity toward peers, as well as with the
common assertion that pubertal development may
trigger a host of social cognitive advances during
adolescence—evident in both behavior and neural
function (see Blakemore et al., 2010; Forbes & Dahl,
2010; Nelson et al.,, 2005; Steinberg, 2004, 2007).
Furthermore, this finding builds on the small body
of prior empirical work linking pubertal develop-
ment, neural activity, and social cognitive process-
ing in adolescence (Forbes et al, 2010; Keulers
et al., 2010; Martin et al., 2002; Moore et al., 2012;
Silk et al., 2009; Spear, 2009).

Next, using a whole brain analysis we also found
that increases in pubertal development from ages
10 to 13 related to heightened activity in the
DMPFC and temporal pole when observing a peer
being rejected during adolescence. This suggests
that not only the concurrent level of pubertal devel-
opment, but also the degree of change in pubertal
development that occurs across the adolescent tran-
sition, is positively associated with differential pro-
cessing in regions linked with mentalizing, when
observing a peer being excluded. Perhaps, as ado-
lescents experience pubertal change as a significant
life stressor (see Ge et al., 2003), individuals who
endure more rapid change may become particularly
sensitive to others’ responses to stress, based on
insights from their own experiences. Of course, con-
clusive interpretations are not possible at this early
stage; however, this finding builds on prior work
indicating that the velocity of pubertal change
across adolescence is an important predictor of psy-
chosocial outcomes (e.g., Ge et al., 2003; Mendle
et al., 2010) and highlights the importance of exam-
ining the rate of pubertal change as an unique pre-
dictor of adolescent outcomes. We did not find that
concurrent, or longitudinal changes in, pubertal
development related to activity in affective pain-
related regions while observing peer rejection. As
this is somewhat inconsistent with our finding that
pubertal development is positively related to
self-reported empathic concern and personal dis-
tress, additional research will be useful for disen-
tangling how pubertal change is associated with
particular cognitive and affective aspects of
empathic processing.
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Next, consistent with our hypotheses regarding
empathic ability, we found that adolescents who
reported more affective aspects of empathy—specif-
ically, greater empathic concern or personal distress
at age 13—displayed more neural evidence of both
mentalizing and affective pain processing when
observing a peer being excluded. This supports the
idea that individuals with a greater tendency to feel
concern for others and experience their emotions
vicariously may better understand the plight of oth-
ers and feel more distress when they see them
being rejected. In fact, it is possible that the height-
ened activity in affective pain-related regions
among these highly empathic individuals reflects
some sharing of the victim’s pain or efforts to imag-
ine the victim’s distress. In terms of perspective-
taking ability, adolescents who reported higher per-
spective-taking ability at age 13 also displayed
more neural evidence of mentalizing, but not affec-
tive pain processing. This is consistent with our
hypothesis and suggests that individuals who are
better at perspective taking may be more likely to
spontaneously think about the thoughts and feel-
ings of others that they see engaged in social inter-
actions.

It is worth noting that adolescents’ reports on
these three dimensions of empathy related to neural
activity in different ways. In other words, the more
affective dimensions—empathic concern and per-
sonal distress—were associated with neural activity
in regions linked to both mentalizing and affective
pain processing, whereas perspective taking was
only associated with activity in regions linked with
mentalizing. Thus, these findings build on our pre-
vious work, in which we focused on a unidimen-
sional measure of empathy and only found
associations with activity in the mentalizing net-
work and not the network of regions involved in
affective pain processing (Masten et al., 2010). Of
course, these patterns warrant further examination
in future research; however, these findings high-
light the utility of using multidimensional measures
of empathy when examining empathy for social
interactions—particularly at the neural level. Addi-
tionally, these findings raise another intriguing pos-
sibility—that perspective taking might be more
strictly cognitive in nature without necessarily hav-
ing an emotional element, whereas emotional
aspects of empathy might require some mentalizing
(as evidenced by the presence of activation in
regions linked to both mentalizing and affective
pain processing) in order to understand a peer’s
plight enough to display an appropriate emotional
response. In fact, the cognitive ability to understand

others” emotions might be particularly important
early in the empathic process and help facilitate
more emotional aspects of empathy (i.e., concern,
sharing of others’ emotions) among those who
show heightened affective empathic tendencies
(see Masten et al., 2011, for a discussion of this
possibility).

In terms of longitudinal changes in empathic abil-
ity across the adolescent transition, increases in all
three dimensions of empathic ability from ages 10 to
13 were related to greater activity in neural regions
linked to both mentalizing and affective pain
activity. Thus, although some research shows that
different aspects of empathic ability develop via dif-
ferent trajectories (i.e., perspective taking typically
increases, while personal distress decreases; Eisen-
berg, Cumberland, Guthrie, Murphy, & Shepard,
2005), these data suggest that increases on any of
these dimensions at the individual level is linked
with greater empathy-related neural activity in both
mentalizing and affective pain-related regions. One
possibility is that the social changes that occur dur-
ing the transition to adolescence—such as increases
in peer interactions—necessitate improvements in
overall empathic ability. In other words, there may
be an increased need for empathy and mentalizing
in order for adolescents to successfully navigate their
changing social climate (see Eisenberg & Morris,
2004; Eisenberg et al., 2009). In this case, greater neu-
ral sensitivity during observed peer rejection might
characterize those individuals who have been most
successful in terms of improving their empathic abil-
ity. Another way of conceptualizing this possibility
is that more rapid increases in empathic ability and
greater neural sensitivity to observed peer rejection
are both characteristics of individuals who are more
socially sensitive and responsive to others at a trait
level. In other words, upon entering adolescence,
these individuals may be more sensitive to their
changing surroundings and adjust their empathic
tendencies accordingly, and also be more impacted
by peer interactions that they witness. Finally, it is
worth noting that the correlations between adoles-
cents’ neural responses to observed peer rejection
and their longitudinal changes in empathic ability
were somewhat distinct from the correlations found
with concurrent levels of empathic ability. This high-
lights the utility of measuring developmental vari-
ables of interest at multiple time points, particularly
when examining brain-behavior relations within
developing populations.

Finally, to gain preliminary insights into the pos-
sible direction and causality of our effects, we per-
formed exploratory tests of possible mediation



pathways via which pubertal development,
empathic ability, and neural responses to observed
peer exclusion might be interrelated. We found ini-
tial evidence that increases in empathic concern that
accompany pubertal change from ages 10 to 13
may help explain the heightened neural sensitivity
that adolescents display toward their peers. Nota-
bly, tests for mediation among these variables mea-
sured concurrently at age 13 did not yield
significant results, suggesting that examining inter-
related patterns of longitudinal change as youth
transition to adolescence may be important for
understanding the salience of observed peer inter-
actions later in the adolescent years. Along with
prior work showing the importance of physical mat-
uration and increasing empathic ability for promot-
ing interest in peers and social acceptance (Eisenberg
& Morris, 2004; Eisenberg et al., 2009; Forbes & Dahl,
2010), these findings highlight the need for addi-
tional longitudinal investigations of potential con-
tributors to peer salience in adolescence.

Future Directions

Future studies with larger samples will be able
to more thoroughly interrogate these relations and
determine the order and timing of these effects. For
example, it would be interesting to conclusively test
whether pubertal maturation leads to improve-
ments in empathic ability, which in turn influence
neural function, as our initial findings suggest. Or,
will future work uncover evidence in favor of the
alternate possibility that changes in neural function
precipitated by pubertal onset enable adolescents to
better understand others” emotions? Multimethod
research with large samples will facilitate continued
exploration of these questions. Eventually, uncover-
ing the directionality and temporal order of these
interrelated processes will broaden understanding
of how social, cognitive, and physical changes
unfold in adolescence.

In addition to pursuing these questions, future
work will also be useful in addressing the limita-
tions of this study. First, as mentioned previously,
our sample size was relatively small and did not
permit meaningful exploration of gender or other
individual differences (e.g., related to race or ethnic-
ity, socioeconomic status, etc.). Males” and females’
social cognitive processing in adolescence may dif-
fer in meaningful ways due to their differential tra-
jectories of pubertal onset and development (e.g.,
girls typically mature earlier than boys). Thus, it
will be useful to examine gender and other individ-
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ual differences, in future studies with larger
samples.

Next, it would also be useful for future research
to examine other measures of longitudinal biologi-
cal change and physical maturation, for example,
additional indices of puberty such as Tanner Stag-
ing or hormonal assays, or changes in brain struc-
ture at this age. These additional measures would
provide more precise, multidimensional indices of
the participants’ level of physical and brain matura-
tion, which could reveal additional interesting rela-
tions among various measures of physical, social,
cognitive, and neural development that were not
detectable in this study. Additionally, controlling
for potential behavioral correlates of puberty (e.g.,
risk taking, sensation seeking, changes in self-
image) or social contextual factors that are salient at
this age (e.g., transitioning to middle school, time
spent with peers vs. parents, frequency of firsthand
and witnessed peer rejection) would also be useful,
because we cannot be sure that pubertal matura-
tion, rather than a related change in behavior or
context, lead to our reported findings. Finally, this
study used a single task to simulate the experience
of observing peer exclusion. Using additional tasks
(e.g., proxies for peer rejection such as rejection film
clips or “mean” social networking pages, as well as
other types of social interaction tasks) in future
studies could help determine if the patterns
observed here are specific to observing peer exclu-
sion, or if they characterize other social cognitive
processes as well.

Conclusion

Overall, these findings provide initial insights
into adolescents’ responses when they witness peer
rejection and suggest that physical and cognitive
emotional development across the transition to ado-
lescence relate to these responses at the neural level.
This study builds on the limited prior research that
has examined adolescents” neural functioning in the
context of pubertal development, and in relation to
longitudinal indices of development (Pfeifer &
Blakemore, 2012). We hope these findings pave the
way for new longitudinal research examining the
complex interplay of peer relationships and brain
function in adolescence.

References

Arseneault, L., Bowes, L., & Shakoor, S. (2010). Bullying
victimization in youths and mental health problems:



1352 Masten, Eisenberger, Pfeifer, Colich, and Dapretto
“Much ado about nothing”? Psychological Medicine, 40,
717-729.

Baron-Cohen, S. (2003). The essential difference. New York:
Basic Books.

Beeney, J. E., Franklin, R. G., Levy, K. N., & Adams, R. B.
(2011). I feel your pain: Emotional closeness modulates
neural responses to empathically experienced rejection.
Social Neuroscience, 6, 369-376.

Blakemore, S.-J. (2008). The social brain in adolescence.
Nature Reviews Neuroscience, 9, 267-277.

Blakemore, S.-J., Burnett, S., & Dahl, R. E. (2010). The role
of puberty in the developing adolescent brain. Human
Brain Mapping, 31, 926-933.

Botvinick, M., Jha, A. P., Bylsma, L. M., Fabian, S. A.,
Solomon, P. E., & Prkachin, K. M. (2005). Viewing facial
expressions of pain engages cortical areas involved in
the direct experience of pain. Neuroimage, 25, 312-319.

Bramen, J. E., Hranilovich, J. A., Dahl, R. E., Forbes, E. E.,
Chen, J., Toga, A. W., et al. (2011). Puberty influences
medial temporal lobe and cortical gray matter matura-
tion differently in boys than girls matched for sexual
maturity. Cerebral Cortex, 21, 636—646.

Brendgen, M., & Vitaro, F. (2008). Peer rejection and
physical health problems in early adolescence. Journal
of Developmental and Behavioral Pediatrics, 29, 183-190.

Brooks-Gunn, J., Warren, M. P., Rosso, J., & Gargiulo, J.
(1987). Validity of self-report measures of girls’ puber-
tal status. Child Development, 58, 829-841.

Brown, B. B. (2004). Adolescents’ relationships with peers.
In R. Lerner, & L. Steinberg (Eds.), Handbook of adoles-
cent psychology (pp. 363-394). Hoboken, NJ: Wiley.

Burnett, S., Thompson, S., Bird, G., & Blakemore, S.-].
(2010). Pubertal development of the understanding of
social emotions: Implications for education. Learning
and Individual Differences, 21, 681-689.

Coie, J. D., Dodge, K. A., & Kupersmidt, J. B. (1990). Peer
group behavior and social status. In S. R. Asher & J. D.
Coie (Eds.), Peer rejection in childhood: Cambridge studies
in social and emotional development (pp. 17-59). New
York, NY: Cambridge University Press.

Davis, M. H. (1983). Measuring individual differences in
empathy: Evidence for a multidimensional approach.
Journal of Personality and Social Psychology, 44, 113-126.

Davis, M. H. (1996). Empathy—A social psychological
approach. Boulder, CO: Westview.

Decety, J. (2010). The neurodevelopment of empathy in
humans. Developmental Neuroscience, 32, 257-267.

Decety, J., & Meyer, M. (2008). From emotion resonance
to empathic understanding: A social developmental
neuroscience account. Development and Psychopathology,
20, 1053-1080.

Decety, J., Michalska, K. J., & Akitsuki, Y. (2008). Who
caused the pain? An fMRI investigation of empathy and
intentionality in children. Neuropsychologia, 46, 2607-2614.

Denham, S. A., Renwick-DeBardi, S., & Hewes, S. (1994).
Emotional communication between mothers and pre-
schoolers: relations with emotional competence. Merrill-
Palmer Quarterly, 40, 488-508.

de Vignemont, F.,, & Singer, T. (2006). The empathic
brain: How, when and why? Trends in Cognitive Science,
10, 435-441.

Duke, P. M., Litt, I. F., & Gross, R. T. (1980). Adolescents’
self-assessment of sexual maturation. Pediatrics, 66, 918—
920.

Eisenberg, N. (2000). Emotion, regulation, and moral
development. Annual Reviews of Psychology, 51, 665-697.

Eisenberg, N., Cumberland, A., Guthrie, I. K., Murphy, B.
C., & Shepard, S. A. (2005). Age changes in prosocial
responding and moral reasoning in adolescence and early
adulthood. Journal of Research on Adolescence, 15, 235-260.

Eisenberg, N., Miller, P. A., Shell, R., McNally, S., & Shea,
C. (1991). Prosocial development in adolescence: A lon-
gitudinal study. Developmental Psychology, 27, 849-857.

Eisenberg, N., & Morris, A. S. (2004). Moral cognitions
and prosocial responding in adolescence. In R. M. Lern-
er & L. Steinberg (Eds.), Handbook of adolescent psychol-
ogy (pp. 155-188). Hoboken, NJ: Wiley.

Eisenberg, N., Morris, A. S., McDonald, B., & Spinrad, R.
L. (2009). Moral cognitions and prosocial responding in
adolescence. In R. M. Lerner & L. Steinberg (Eds.),
Handbook of adolescent psychology: Vol. 1. Individual bases
of adolescent development (pp. 229-265). Hoboken, NJ:
Wiley.

Eisenberg, N., Spinrad, T. L., & Sadovsky, A. (2006).
Empathy-related responding in children. In M. Killen &
J. Smetana (Eds.), Handbook of moral development (pp.
517-549). Mahwah, NJ: Erlbaum.

Forbes, E. E., & Dahl, R. E. (2010). Pubertal development
and behavior: Hormonal activation of social and moti-
vational tendencies. Brain and Cognition, 72, 66-72.

Forbes, E. E., Ryan, N. D., Phillips, M. L., Manuck, S. B.,
Worthman, C. M., Moyles, D. L., et al. (2010). Healthy
adolescents’ neural response to reward: Associations
with puberty, positive affect, and depressive symp-
toms. Journal of the American Academy of Child and Ado-
lescent Psychiatry, 49, 162-172.

Frith, C. D., & Frith, U. (1999). Interacting minds—A bio-
logical basis. Science, 286, 1692-1695.

Frith, C. D., & Frith, U. (2006). The neural basis of men-
talizing. Neuron, 50, 531-534.

Frith, U., & Frith, C. D. (2003). Development and neuro-
physiology of mentalizing. Philosophical Transactions of
the Royal Society of Biological Sciences, 358, 459-473.

Frith, U., Leslie, A. M., & Morton, J. (1991). The cognitive
basis of a biological disorder: Autism. Trends in Neuro-
sciences, 14, 433-438.

Ge, X., Kim, 1. J., Brody, G. H., Conger, R. D., Simon, R.
L., Gibbons, F. X,, et al. (2003). It’s about timing and
change: Pubertal timing effects on symptoms of depres-
sion among African American youths. Developmental
Psychology, 39, 430—439.

Gunnar, M., Wewerka, S., Frenn, K., Long, J., & Griggs,
C. (2009). Developmental changes in hypothalamus-
pituitary-adrenal activity over the transition to adoles-
cence: Normative changes and associations with
puberty. Development and Psychopathology, 21, 69-85.



Isaacs, J., Hodges, E. V. E., & Salmivalli, C. (2008). Long-
term consequences of victimization by peers: A follow-
up from adolescence to young adulthood. European
Journal of Developmental Science, 2, 387-397.

Jackson, P. L., Bruney, E., Meltzoff, A. N., & Decety, J.
(2005). How do we perceive the pain of others? A win-
dow into the neural processes involved in empathy.
Neuroimage, 24, 771-779.

Janes, L. M., & Olson, ]J. M. (2000). Jeer pressures: The
behavioral effects of observing ridicule of others. Per-
sonality and Social Psychology Bulletin, 26, 474—485.

Keulers, H. H., Evers, E. A. T., Stiers, P., & Jolles, J.
(2010). Age, sex, and pubertal phase influence mentaliz-
ing about emotions and actions in adolescents. Develop-
mental Neuropsychology, 35, 555-569.

Lev-Wiesel, R., Nuttman-Shwartz, O., & Sternberg, R.
(2006). Peer rejection during adolescence: Psychological
long-term effects—A brief report. Journal of Loss &
Trauma, 11, 131-142.

Lieberman, M. D., & Cunningham, W. A. (2009). Type I
and Type II error concerns in fMRI research: Re-balanc-
ing the scale. Social Cognitive and Affective Neuroscience,
4, 423-428.

Martin, C. A., Kelly, T. H., Rayens, M. K., Brogli, B. R,,
Brenzel, A., Smith, W. ]., et al. (2002). Sensation seek-
ing, puberty, nicotine, alcohol and marijuana use in
adolescence. Journal of the American Academy of Child
and Adolescent Psychiatry, 41, 1495-1502.

Masten, C. L., & Eisenberger, N. I. (2009). Exploring the
experience of social rejection in adults and adolescents:
A social cognitive neuroscience perspective. In M. Har-
ris (Ed.), Bullying, rejection, and peer victimization: A
social cognitive neuroscience perspective (pp. 53-78). New
York: Springer.

Masten, C. L., Eisenberger, N. 1., Borofsky, L. A., Pfeifer,
J. H., McNealy, K., Mazziotta, J., et al. (2009). Neural
correlates of social exclusion during adolescence:
Understanding the distress of peer rejection. Social Cog-
nitive and Affective Neuroscience, 4, 143-157.

Masten, C. L., Eisenberger, N. I, Pfeifer, ]. H., & Dapret-
to, M. (2010). Witnessing peer rejection during adoles-
cence: Neural correlates of empathy for experiences of
social exclusion. Social Neuroscience, 5, 496-507.

Masten, C. L., Eisenberger, N. I., Pfeifer, ]. H., & Dapret-
to, M. (2012). Neural responses to witnessing peer rejection
after being socially excluded: fMRI as a window into adoles-
cents” emotional processing. Manuscript submitted for
publication.

Masten, C. L., Morelli, S. A., & Eisenberger, N. I. (2011).
An fMRI investigation of empathy for ‘social pain’
and subsequent prosocial behavior. Neurolmage, 55,
381-388.

Mendle, J., Harden, K. P., Brooks-Gunn, J., & Graber, J.
A. (2010). Development’s tortoise and hare: Pubertal
timing, pubertal tempo, and depressive symptoms in
boys and girls. Developmental Psychology, 46, 1341-1353.

Meyer, M. L., Masten, C. L., Ma, Y., Wang, C., Shi, Z.,
Eisenberger, N. I, et al. (2012). Interpersonal closeness
modulates empathic neural responses to social pain.

Neural Basis of Witnessing Peer Rejection 1353

Social Cognitive and Affective Neuroscience. Advance
online publication. doi:10.1093 /scan/nss019.

Mitchell, J. P., Banaji, M. R., & Macrae, C. N. (2005). The
link between social cognition and self-referential
thought in the medial prefrontal cortex. Journal of Cog-
nitive Neuroscience, 17, 1306-1315.

Moore, W. E., Pfeifer, J. H., Masten, C. L., Mazziotta, J.
C., Tacoboni, M., & Dapretto, M. (2012). Facing puberty:
Associations between pubertal development and neural
responses to affective facial displays. Social Cognitive
and Affective Neuroscience, 7, 35-43.

Morris, N., & Udry, J. R. (1980). Validation of a self-admin-
istered instrument to assess stage of adolescent develop-
ment. Journal of Youth and Adolescence, 9, 271-280.

Morrison, I., Lloyd, D., Di Pellegrino, G., & Roberts, N.
(2004). Vicarious responses to pain in anterior cingulate
cortex: Is empathy a multisensory issue? Cognitive,
Affective, & Behavioral Neuroscience, 4, 270-278.

Nelson, E. E., Leibenluft, E., McClure, E. B., & Pine, D. S.
(2005). The social re-orientation of adolescence: A neu-
roscience perspective on the process and its relation to
psychopathology. Psychological Medicine, 35, 163-174.

Nishina, A., & Juvonen, ]J. (2005). Daily reports of wit-
nessing and experiencing peer harassment in middle
school. Child Development, 76, 435-450.

Petersen, A. C., Crockett, L., Richards, M., & Boxer, A.
(1988). A self-report measure of pubertal status: Reli-
ability, validity, and initial norms. Journal of Youth and
Adolescence, 17, 117-133.

Pfeifer, J. H., & Blakemore, S.-]. (2012). Adolescent social
cognitive and affective neuroscience: Past, present, and
future. Social Cognitive and Affective Neuroscience, 7,
1-10.

Pfeifer, J. H., Iacoboni, M., Mazziotta, J. C., & Dapretto,
M. (2008). Mirroring others” emotions related to empa-
thy and interpersonal competence in children. Neurolm-
age, 39, 2076-2085.

Preacher, K. J., & Hayes, A. F. (2004). SPSS and SAS pro-
cedures for estimating indirect effects in simple media-
tion models. Behavior Research Methods, Instruments, and
Computers, 36, 717-731.

Preacher, K. J., & Hayes, A. F. (2008). Asymptotic and
resampling strategies for assessing and comparing indi-
rect effects in multiple mediator models. Behavioral
Research Methods, 40, 879-891.

Prinstein, M. J., Sheah, C. S., & Guyer, A. E. (2005). Peer
victimization, cue interpretation, and internalizing
symptoms: Preliminary concurrent and longitudinal
findings for children and adolescents. Journal of Clinical
Child and Adolescent Psychology, 34, 11-24.

Rivers, 1., Poteat, P. V., Noret, N., & Ashurst, N. (2009).
Observing bullying at school: The mental health impli-
cations of witness status. School Psychology Quarterly,
24, 211-223.

Saxe, R. (2006). Why and how to study theory of mind
with fMRI. Brain Research, 1079, 57-65.

Shamay-Tsoory, S. G., Aharon-Peretz, ]., & Perry, D.
(2009). Two systems for empathy: A double dissocia-
tion between emotional and cognitive empathy in infe-



1354 Masten, Eisenberger, Pfeifer, Colich, and Dapretto

rior frontal gyrus versus ventromedial prefrontal
lesions. Brain: A Journal of Neurology, 132, 617-627.

Shrout, P. E., & Bolger, N. (2002). Mediation in experi-
mental and nonexperimental studies: New procedures
and recommendations. Psychological Methods, 7, 422—
445.

Silk, J. S., Siegle, G. J., Whalen, D. J., Ostapenko, L. J.,
Ladouceur, C. D., & Dahl, R. E. (2009). Pubertal
changes in emotional information processing: Pupillary,
behavioral, and subjective evidence during emotional
word identification. Development and Psychopathology,
21, 7-26.

Singer, T. (2006). The neuronal basis and ontogeny of
empathy and mind reading: Review of literature and
implications for future research. Neuroscience & Bio-
behavioral Reviews, 30, 855-863.

Singer, T., & Lamm, C. (2009). The social neuroscience of
empathy. Annals of the New York Academy of Sciences,
1156, 81-96.

Singer, T., Seymour, B.,, O’Doherty, ]. P., Kaube, H.,
Dolan, R. J., & Frith, C. D. (2004). Empathy for pain
involves the affective but not sensory components of
pain. Science, 303, 1157-1162.

Singer, T., Seymour, B., O'Doherty, J. P., Stephan, K. E.,
Dolan, R. J., & Frith, C. D. (2006). Empathic neural
responses are modulated by the perceived fairness of
others. Nature, 439, 466-469.

Spear, L. (2009). Heightened stress reactivity and emotional
reactivity during pubertal maturation: Implications
for psychopathology. Development and Psychopathology,
21,87-97.

Steinberg, L. (2004). Risk-taking in adolescence: What
changes, and why? Annals of the New York Academy of
Sciences, 1021, 51-58.

Steinberg, L. (2007). A social neuroscience perspective on
adolescent risk-taking. Developmental Review, 28, 78—
106.

Sumter, S. R., Bokhorst, C. L., Miers, A. C., Van Pelt, ]., &
Westenberg, P. M. (2010). Age and puberty differences
in stress responses during a public speaking task: Do

adolescents grow more sensitive to social evaluation?
Psychoneuroendocrinology, 35, 1510-1516.

Whalen, P. J., Shin, L. M., McInerney, S. C., Fischer, H.,
Wright, C. I, & Rauch, S. L. (2001). A functional MRI
study of human amygdala responses to facial expres-
sions of fear versus anger. Emotion, 1, 70-83.

Wicker, B., Keysers, C., Plailly, J., Royet, J. P., Gallese, V.,
& Rizzolatti, G. (2003). Both of us disgusted in my
insula: The common neural basis of seeing and feeling
disgust. Neuron, 40, 655-664.

Williams, K. D., Cheung, C. K., & Choi, W. (2000). Cyber-
ostracism: Effects of being ignored over the Internet.
Journal of Personality and Social Psychology, 79, 748.

Williams, K. D., Govan, C. L., Croker, V., Tynan, D., Cru-
ickshank, M., & Lam, A. (2002). Investigations into
differences between social- and cyberostracism. Group
Dynamics: Theory Research, and Practice, 6, 65-77.

Zahn-Waxler, C., Cole, P. M., Welsh, J. D., & Fox, N. A.
(1995). Psychophysiological correlates of empathy and
prosocial behaviors in preschool children with behavior
problems. Development and Psychopathology, 7, 27-48.

Zahn-Waxler, C., Radke-Yarrow, M., Wagner, E., & Chap-
man, M. (1992). Development of concern for others.
Developmental Psychology, 28, 126-136.

Supporting Information

Additional supporting information may be found in
the online version of this article at the publisher’s
website:

Figure S1. Activity During Observed Exclusion
Versus Inclusion in the DMPFC, Found Through
Whole Brain Regression Analyses to Be Positively
Related to Longitudinal Changes in: (a) Pubertal
Development, (b) Empathic Concern, and (c) Per-
sonal Distress, Across the Transition to Adoles-
cence.



