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Functional brain activation to emotional and nonemotional
faces in healthy children: Evidence for developmentally
undifferentiated amygdala function during

the school-age period
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Abstract The amygdala is a key region in emotion processing.
In particular, fMRI studies have demonstrated that the amyg-
dala is active during the viewing of emotional faces. Previous
research has consistently found greater amygdala responses to
fearful than to neutral faces in adults, convergent with a focus in
the animal literature on the amygdala’s role in fear processing.
Studies have shown that the amygdala also responds differen-
tially to other facial emotion types in adults. Yet the literature
regarding when this differential amygdala responsivity
develops is limited and mixed. Thus, the goal of the present
study was to examine amygdala responses to emotional and
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neutral faces in a relatively large sample of healthy school-age
children (N=52). Although the amygdala was active in
response to emotional and neutral faces, the results did
not support the hypothesis that the amygdala responds differ-
entially to emotional faces in 7- to 12-year-old children.
Nonetheless, amygdala activity was correlated with the severity
of subclinical depression symptoms and with emotional regu-
lation skills. Additionally, sex differences were observed in
frontal, temporal, and visual regions, as well as effects of
pubertal development in visual regions. These findings suggest
important differences in amygdala reactivity in childhood.

Keywords Amygdala - Childhood - Emotional processing -
Face processing - fMRI

Early investigations of the amygdala’s functional role in humans
consistently noted that the amygdala is significantly involved in
the processing of fear-related stimuli (e.g., Adolphs, Tranel,
Damasio, & Damasio, 1995; Bishop, Duncan, & Lawrence,
2004; Broks et al., 1998; Calder, 1996; LaBar, Gatenby, Gore,
LeDoux, & Phelps, 1998; LeDoux, 2003; Morris et al., 1998,
Phillips et al., 1997). More recent studies have indicated that the
amygdala is responsive to other emotions, as well. For example,
meta-analytic work has indicated that emotional stimuli are
significantly more likely to elicit amygdala activity than are
neutral stimuli, for a variety of both negative and positive
emotions (e.g., fear, disgust, sadness, humor, and happiness;
Costafreda, Brammer, David, & Fu, 2008). However, whereas
amygdala responsivity to emotional stimuli in adults has been
well studied, relatively little is known about when differential
amygdala responsivity to different emotionally evocative
stimuli arises during development. The existing studies in
the developmental literature (looking at healthy samples or
investigating healthy groups within studies of psychopathology)
have provided mixed results, with some studies finding increased
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amygdala activity to emotional as compared to neutral faces
(e.g., Britton et al., 2010; Guyer et al., 2008; Monk et al., 2003),
and others failing to detect differential responses (e.g., Thomas,
Drevets, Dahl, et al., 2001a; Tottenham et al., 2011; Viding et al.,
2012). Many of these studies employed relatively small sample
sizes across a wide age range, which may have contributed to the
conflicting findings. Thus, the goal of this study was to examine
whether the amygdala shows differential activity to emotional
and neutral faces in a relatively large sample of healthy children
between the ages of 7 and 12.

Differential amygdala responses to emotional faces
in adults

There is clear evidence that the amygdala is more active in
response to fearful than to neutral faces in adults (Breiter et al.,
1996; Bryant et al., 2008; Pessoa, Kastner, & Ungerleider,
2002; Surguladze et al., 2003; Wright et al., 2001), but evi-
dence is mixed as to whether amygdala responses to fearful
faces are stronger than its responses to other types of emotional
faces. Some studies have found greater amygdala activity to
fearful than to either happy (Morris et al., 1998; Whalen et al.,
1998) or disgusted (Phillips et al., 2004) faces, and a meta-
analysis found that amygdala activity to fear stimuli was
significantly more likely than activity to sad and happy stimuli
(Phan, Wager, Taylor, & Liberzon, 2002). However, other
studies have shown amygdala responsivity to a wide variety
of emotional stimuli in healthy adults (Breiter et al., 1996;
lidaka et al., 2001; Pessoa et al., 2002; Surguladze et al.,
2003; Wright et al., 2001), and a more recent meta-analysis
showed consistent amygdala activity in response to happy, sad,
and fearful faces (Fusar-Poli et al., 2009), although this meta-
analysis also provided some evidence for greater amygdala
responsivity to fearful faces relative to either happy or sad faces.
Thus, the literature has provided robust evidence for greater
amygdala activity to emotional than to neutral faces in adults,
with somewhat more mixed evidence with regard to whether
this activity is greater for fearful than for others types of
emotional faces.

Differential amygdala responses to emotional faces
across development

The ability to discriminate facial emotions develops in early
childhood and improves at differential rates for different emotion
types through school age into adulthood (De Sonneville et al.,
2002; Herba, Landau, Russell, Ecker, & Phillips, 2006; Thomas,
De Bellis, Graham, & LaBar, 2007; Vicari, Reilly, Pasqualetti,
Vizzotto, & Caltagirone, 2007). Similarly, the neural circuitry for
emotional processing develops over early childhood and adoles-
cence. It has been suggested that amygdala responses to
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emotional stimuli, including faces, follow an inverted U-shaped
developmental trajectory, where adolescents show stronger emo-
tional responses than do children or adults (Moore et al., 2012).
This may be due to the differential developmental trajectories of
the amygdala and prefrontal cortex (PFC) control regions, in that
the amygdala and other subcortical regions reach maturity earlier
than do the cortical regions that contribute to their regulation
(Casey, Duhoux, & Malter Cohen, 2010; Somerville & Casey,
2010). Several studies using fMRI emotional processing tasks
have provided support for heightened emotional reactivity during
childhood and adolescence as compared to adulthood (Guyer et
al., 2008; Monk et al., 2003) and for greater reactivity in adoles-
cence than in either adulthood or childhood (Hare et al., 2008).
However, other researchers have found different relationships
between amygdala activity and age. For example, in a study of
children and adolescents (9-17 years old), age correlated nega-
tively with left amygdala response to fearful faces, particularly in
females (Killgore, Oki, & Yurgelun-Todd, 2001).
Furthermore, the age at which differential amygdala
responsivity to emotional and neutral facial expressions emerges
is unclear. Examining the few studies that have focused on
amygdala reactivity in healthy children and adolescents, in addi-
tion to studies on psychopathology that have reported results
from healthy control samples, the data on when differential
amygdala reactivity to emotional and neutral faces arises are very
mixed. Two studies of children/adolescents that included a wide
age range (917 years old, Ns=31 and 17) showed significantly
greater amygdala responses to fearful than to neutral faces
(Guyer et al., 2008; Monk et al., 2003). Similarly, the healthy
controls (mean age 13 years old, N=17) in a study of pediatric
obsessive—compulsive disorder showed significant right amyg-
dala activity for fearful versus neutral faces and significant
bilateral amygdala responses to the combined contrast of fearful,
happy, and disgusted faces versus neutral faces (Britton et al.,
2010). On the other hand, studies that have included or focused
on younger children have not consistently shown greater amyg-
dala responses to fearful or emotional than to neutral faces. Two
such studies examining emotion processing in late school-age
children found the amygdala showed deactivation to fearful faces
or significantly less activity to fearful than to neutral faces
(Lobaugh, Gibson, & Taylor, 2006 [10- to 12-year-olds, N=10];
Thomas, Drevets, Whalen, et al., 2001b [healthy controls: mean
age 11 years old, N=12]). The healthy control children in three
other studies (8- to 15-year-olds, N=15; mean age 10 years
old, N=27; and 10- to 16-year-old boys, N=16), exhibited
no difference in amygdala responses to fearful as compared
to neutral/calm faces (Tottenham et al., 2011). Yet one study
using magnetoencephalography did find differential activity
in the left amygdala for fearful/happy faces versus neutral faces
in younger children (7- to 10-year-olds, N=10), but it did not
show this differential activity in older children and adults,
when it is typically observed (Hung, Smith, & Taylor, 2012).
Thus, the previous literature exploring emotion processing in



Cogn Affect Behav Neurosci

school-age children has not provided clear developmental
norms. This may be due to the differing age ranges of the
participants included in the previous studies (7—17 years old).
Studies including older children more often find adult-like
differentiation in amygdala responses to different emotions,
whereas studies including mostly younger children find more
mixed evidence for this. The inconsistencies in the literature
may also be due in part to the small sample sizes of healthy
participants used in some studies (range 10-31, median of 16
participants). As such, a study with a relatively large sample
size and a relatively restricted age range is needed to clarify
whether or not differential amygdala activity occurs to different
emotional faces in healthy school-age children, in order to
inform developmental norms.

Sex and pubertal influences on amygdala response
to emotional faces

A number of researchers have also examined sex differences
in amygdala responsivity during emotional processing. In
adult males, the amygdala is larger than it is in adult females,
even when adjusting for whole-brain volume (Hamann,
2005). In addition, males and females show different patterns
of laterality in the amygdala responses that predict subsequent
memory for emotionally evocative stimuli (Cahill, 2004,
2010), with right amygdala activity predicting subsequent
memory in males, but left amygdala activity doing so in
females. Yet, sex differences in amygdala responsivity to
emotional faces have been less clear. Early meta-analytic work
did not find clear effects of sex on amygdala activity (Wager,
Phan, Liberzon, & Taylor, 2003). However, a more recent
meta-analysis by Fusar-Poli et al. (2009) found significantly
greater right amygdala activity in adult males than females,
with a recent large-scale study confirming these findings in
adolescents (Schneider et al., 2011). Little work has focused
on sex differences in amygdala responsivity to emotional
faces in school-age children.

Puberty may play a role in the inverted U-shaped trajectory
of amygdala responses described above. It has been noted that
pubertal development positively correlates with a higher mag-
nitude of responses in the amygdala (and in thalamus and
extrastriate visual cortex) to emotional faces during passive
viewing. This relationship was observed for viewing angry,
fearful, happy, sad, and neutral faces in 13-year-old children,
but the same positive relationship between pubertal development
and amygdala responsivity was only observed for viewing
neutral faces in children 10 years of age (Moore et al., 2012).
Greater left amygdala activation has also been found for
neutral faces than for nonface control stimuli in pre/early-
pubertal as compared to mid/late-pubertal adolescents
(Forbes, Phillips, Silk, Ryan, & Dahl, 2011). On the basis
of these findings, puberty has been characterized as a

developmental period with heightened amygdala activation
to emotions.

Amygdala hyperactivity in depression

The amygdala is also hypothesized to be a key structure in the
pathology of depression. Elevated amygdala activation during
emotion-processing tasks has been clearly shown in depressed
adults, adolescents, and children (e.g., Barch, Gaffrey,
Botteron, Belden, & Luby, 2012; Beesdo et al., 2009;
Gaffrey et al., 2011; Surguladze et al., 2005; Yang et al.,
2010). Amygdala hyperactivity has also been shown to be
reduced after antidepressant treatment in adults (Sheline et al.,
2001), and this reduction predicts better treatment outcomes
among adult depressed patients (Canli et al., 2005; Siegle,
Carter, & Thase, 2006), potentially suggesting that amygdala
response to faces may be a correlate of an underlying disrup-
tion or bias in emotion processing and is impacted by treat-
ment of depression. Interestingly, amygdala hyperactivity to
emotional faces is also observed in individuals at risk for
developing depression (Monk et al., 2008; Zhong et al.,
2011). Importantly, even subclinical levels of depression in
otherwise psychiatrically healthy adults have been shown to
correlate positively with amygdala reactivity both to negative
versus neutral words (Laeger et al., 2012) and to the expectation
of negative pictures (Abler et al., 2010). Yet, it is unclear
whether subclinical levels of depression (or normative depres-
sive emotions) may relate to amygdala reactivity in psychiatri-
cally healthy children. Thus, another goal of the present study
was to examine the relationship between self-reports and parent
reports of subclinical depressive symptoms in school-age
children and amygdala reactivity to emotionally valenced faces.

Present study

In summary, it is unclear from the developmental literature
whether children exhibit differential amygdala responses to
different emotionally evocative and neutral faces. The dis-
crepant findings in the literature may be due to the small
sample sizes of healthy children and to the wide age ranges
of participants in some studies. As such, the goal of the
present study was to assess amygdala responsivity during
facial emotion processing in a relatively large sample of
healthy children (7-12 years old) using fMRI in an attempt
to inform developmental norms. We tested the hypothesis
that children show greater activity for emotional than neutral
faces and differential amygdala activity to different facial
emotion expressions (happy, angry, sad, fearful, and neutral)
during a gender judgment fMRI task. Additionally, we tested
the hypotheses that amygdala reactivity to emotional faces
would increase as a function of sex (greater amygdala activity
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in males), age (greater amygdala activity as children approach
adolescence), and pubertal development (greater amygdala
activity as children progress through puberty). Furthermore,
given the link between depression and elevated amygdala
reactivity to emotional versus neutral faces, we tested the
hypotheses that amygdala reactivity would increase as a func-
tion of subclinical depression symptom severity and emotional
regulation impairments in healthy children. To better charac-
terize normative emotion processing in this sample of healthy
school-age children, we also followed the current emphasis in
the field on providing whole-brain results in addition to
focused a priori region-of-interest analyses, and tested for
effects of emotion type, sex, and puberty, as well as for a
relationship with participant age, at a whole-brain level.
Because we employed a relatively large sample of school-age
children who had been thoroughly screened for any psychiatric
diagnoses for several years prior to scanning, the results of the
study can provide key insights into normative emotion pro-
cessing in 7- to 12-year-old children. Particularly, our findings
can clarify discrepancies in the literature by testing whether
children in this age range show adult-like differentiation in
amygdala reactivity to emotional faces. Additionally, it will be
pivotal to understand amygdala reactivity to emotional faces in
a psychiatrically healthy population, to serve as a foundation
for understanding findings in childhood psychopathology.

Materials and method
Participants

The participants represented a subsample of children enrolled
in the Preschool Depression Study (PDS), a prospective
longitudinal study of preschool-age children and their families
conducted at the Washington University School of Medicine
Early Emotional Development Program (WUSM EEDP) in
St. Louis. The broad goals of the PDS were to explore clinical
and neural outcomes relating to preschool-onset major depres-
sion. As such, 3- to 5-year-old children and their primary
caregivers were recruited from local daycares, preschools,
and primary care sites in the St. Louis metropolitan area
oversampling for children expressing symptoms of depression
while also recruiting healthy children who did not meet diag-
nostic criteria for any psychiatric conditions (see Luby, Si,
Belden, Tandon, & Spitznagel, 2009, for further recruitment
details). The children were assessed annually and then partic-
ipated in a neuroimaging session between the ages of 7 and
12. An additional 40 psychiatrically healthy children were
recruited into the PDS when they were between the ages of
7 and 12, at the time of scanning. The in-depth clinical
assessments involved in the PDS allowed us to identify a
normative and psychiatrically healthy population of school-
age children to include in the present analyses. Thus, the present
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subsample represents 52 children who did not meet criteria for
any psychiatric diagnosis at the initial or any subsequent as-
sessment time points up to the time of scan (N=22) and
psychiatrically healthy participants recruited into the PDS at
the time of scan (N=30). All participants in this subsample
participated in the neuroimaging phase of the PDS (see Table 1
for their demographic details). A history of head trauma,
neurological disease, developmental delay, and use of psycho-
active medications were exclusionary for the present analyses.
Additionally, only participants who met stringent criteria for
neuroimaging data quality were included in this analysis
(of the 67 psychiatrically healthy children who participated in the
neuroimaging session, 52 met the data quality criteria; further
details can be found in the Movement Correction section).
Parental written consent and child assent were obtained prior to
study participation and the Institutional Review Board at
Washington University approved all experimental procedures.

Diagnostic assessment

Trained staff from the WUSM EEDP conducted up to four
in-person assessment interviews with participants and their
parents/guardians between the baseline assessment and the
time of scan. Before the age of 8, children were assessed
using the Preschool-Age Psychiatric Assessment (PAPA), a
reliable and age-appropriate semistructured parent-report
diagnostic interview (based on the DSM-IV) that is widely
used in research on preschool-age psychopathology (Egger,
Ascher, & Angold, 2003) and has been validated for chil-
dren up to the age of 8. Once study participants reached the
age of 8, the Childhood and Adolescent Psychiatric
Assessment (CAPA) was used. The CAPA also examines
symptoms of various psychiatric disorders but, unlike the
PAPA, also makes use of report from the child or adolescent
in addition to report from the primary caregiver (Angold &
Costello, 2000). These interviews were audiotaped,
reviewed for reliability, and calibrated for accuracy, as has
been previously reported (Luby et al., 2009). These assess-
ments were used to select a subset of participants from the
PDS who did not meet criteria for any psychiatric disorder at
any time point from baseline to the time of scan to assure
examination of a psychiatrically healthy population.

Additional measures

Several other factors were assessed at the time of scan (see
Table 1 for details). The severity of depression symptoms at
the time of scan was assessed using the child- and parent-
report versions of the Children’s Depression Inventory
(CDI-C and CDI-P, respectively; Kovacs, 1985). The scores
reported here represent standardized ¢ scores totaled across
the subscales of the CDI. A # score of 50 represents an average
score, whereas a score above 65 may identify a potentially
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Table 1 Demographic charac-

teristics of the sample by sex Male (N=28) Female (N=24)
N Mean SD N Mean SD
Age at scan (years)” 28 10.71 1.25 24 9.86 1.27
The total sample size for each Ethnicity 28 24
sex group is listed above, and the % Caucasian 64 % 58 9,
N column for each sex represents i )
the number of participants with % Aftican American 36 % 29 %
data available on each measure. % Other ethnicity 0% 13 %
SDI N Children’s Dépressﬁfﬁ % Right-handed 28 89 % 24 79 %
,t =
nventory, f scores (C = chi CDI-C 27 40.48 5.51 2 4023 3.56
report, P = parent report), B
CEMS-S = Children’s Emotion CDI-P 28 39.04 4.01 22 44.27 7.32
Management Scale—Sadness. A CEMS-S 22 21.09 3.10 17 21.41 3.10
group rtestor x test b},/ SeX was Tanner pubertal status % Mean Age SD % Mean Age SD
significant at p <.05. Significant . . .
effects of pubertal status marked ~ Stage [ . 46 % 9.99 117 58 % 8.96 0.63
by * are p < .05 significant x> Stage 11 32 % 10.89 0.73 8 % 10.21 0.06
tests by pubertal stage, not age X Stage TMI/IV/V 21 % 12.03 0.87 33 % 11.35 0.76

status ANOVAs

depressed individual (consistent with the fact that no children
met criteria for MDD during any PAPA/CAPA interview, all
children scored below 65 on the CDI).

The Children’s Emotion Management Scale for Sadness
(CEMS-S; Zeman, Shipman, & Penza-Clyve, 2001) was
used to assess the participants’ behavioral responses to
sadness. This consists of 15 statements, each assessed on a
1-3 Likert scale. These questions have been shown to
probe three dimensions of sadness management: inhibition,
dysregulation, and coping. Higher scores on the inhibition and
dysregulation subscales are endorsements of more frequent
use of ineffective management strategies (e.g., “I do things
like mope when I am sad”; previous results showed positive
correlations between the dysregulation and inhibition sub-
scales and CDI scores: Zeman et al., 2001). The coping
subscale was reverse-scored, so that higher scores also indi-
cate less effective emotion management. A total score across
these three subscales was used for the present analyses, with
higher scores indicating less effective sadness management
skills.

Parental report on the Tanner Staging Questionnaire
(Tanner, 1955) was used to assess pubertal status. Children
under 10 years old were not assessed using the Tanner
Staging Questionnaire due to the sensitive nature of the
questions. All children under 10 years old were assigned
to the Stage I group to represent presumed prepubertal
status. Due to the young age of the sample, few participants
were identified as being in the later (IV and V) stages of
puberty and thus Stages III, IV, and V were collapsed into
one late-puberty group. Pubertal status was assessed as a
three-level factor, with pre (I), early (II), and late (III-V)
puberty groups represented.

Facial emotion-processing task

The facial emotion-processing task represents one segment of a
longer scanning session that the children in the PDS completed,
which included high resolution structural imaging, diffusion
imaging, and resting state functional connectivity. This task is
the only aspect of the scanning session used for the present
analysis. During the task, children were shown a series of faces
and were asked to judge the gender of the face, responding by
button press to indicate whether the face was male or female.
This task was chosen as previous research has indicated that the
heightened amygdala responses to emotional faces associated
with MDD may become more apparent with an implicit pro-
cessing task rather than one requiring explicit emotion process-
ing (Fales et al., 2008; Monk et al., 2008). This task was also
preferable to a passive viewing task, as it helps to ensure
engagement with the visual stimuli. The face stimuli were
drawn from the MacArthur Network Face Stimuli Set, a vali-
dated stimulus set containing images of 43 different actors from
different ethnic backgrounds (Tottenham et al., 2009). Children
saw faces with neutral, sad, angry, happy, and fearful expression
from 10 of the individuals in this stimulus set. One goal of the
PDS was to probe potential emotional biases relating to
preschool-onset depression apparent with varying intensity of
emotional facial expressions. To this end, we created interme-
diate sad, angry, happy, and fearful expressions by morphing
the neutral expression for each individual with each emotional
expression resulting in a face halfway between the neutral and
each emotional face (MorphAge software). Yet, as this was not
of direct interest in the present analysis, we collapsed across the
full and half intensity faces for each emotion type to increase
our power to find effects of emotion type. Preceding this task,
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all children underwent a mood induction paradigm in the
scanner on the basis of prior work (Gotlib et al., 2005).
Previous work has shown that negative mood induction can
reactivate affective processing biases (Scher, Ingram, & Segal,
2005) and neural changes in affective processing (Ramel et al.,
2007) specifically in patients with a history of depression while
not introducing any affective biases in individuals who have not
experienced a history of depression. Given that the goals of the
PDS were to explore the effects of a history of preschool-onset
major depression on the brain, the mood induction was includ-
ed for all children to reactivate any affective processing biases
in children with a history of preschool-onset major depression
who were depressed at the time of scan. The mood induction
was a short clip from the film My Girl (Gazer & Zieft, 1991)
that portrays a child’s loss of a close friend, followed by verbal
instructions to elaborate on any negative affect induced. A
positive mood repair clip was shown at the end of the MRI
session. Because we are only examining children in this
subsample who were psychiatrically healthy at all assessments
through the time of scan, we did not expect this mood induc-
tion to introduce any bias in the present results. To confirm
this, we used the children’s reports of their mood before and
after the induction (on a 5-point Likert-type scale; 1 = very sad
to 5 = very happy) to test whether postinduction mood or
change in reported mood correlated with amygdala activity to
rule out any induced bias.

Participants performed two runs, each with 45 stimuli,
totaling 90 trials for each participant (18 from each of the
five emotion types). Each stimulus was presented for
2,250 ms, followed by an intertrial interval of 250, 2,750,
or 5,250 ms (each occurring with equal frequencies).
Gender judgment button responses were acquired during
the stimulus presentation period via a fiber optic button
box. Images were projected onto a computer screen behind
the participant’s head within the imaging chamber viewed
by a mirror attached above the participant’s face.

fMRI scanning

Structural and functional imaging data were collecting using a
3.0-T TIM TRIO Siemens whole-body system at Washington
University in St. Louis. T1-weighted structural images were
acquired in the sagittal plane using an MPRAGE 3-D sequence
(TR=2,400 ms, TE=3.16 ms, flip angle=8°, slab=176 mm,
176 slices, matrix size=256x256, field of view [FOV] =
256 mm, voxel size =1 x 1 x 1 mm). Functional images were
collected during the face-processing task with a 12-channel
head coil using a T2*-weighted gradient-echo echo-planar
sequence in the axial plane (TR=3,000 ms, TE=27 ms, flip
angle=90°, FOV=256 mm, voxel size = 4 x 4 x 4 mm).
T2-weighted images were collected for registration purposes
using a 3-D SPACE acquisition (TR=3,200 ms, TE=497 ms,
160 slices, FOV=256, voxel size =1 x 1 X 1 mm).
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fMRI preprocessing

Imaging data were preprocessed using the following steps: (1)
correction for slice-dependent time shifts; (2) removal of the
first four images of each run, to allow the BOLD signal to
reach a steady state; (3) elimination of odd/even slice intensity
differences due to interpolated acquisition; (4) realignment of
the data acquired from each participant within and across runs
to compensate for rigid body motion (Ojemann et al., 1997);
(5) image intensity normalization to a whole-brain mode value
of 1,000; (6) registration of the 3-D structural volume (T1) to
the atlas template in the Talairach coordinate system
(Talairach & Tournoux, 1988), using a 12-parameter affine
transform and resampling to a 1-mm cubic representation
(Buckner et al., 2004; Ojemann et al., 1997); (7) coregistration
of the 3-D fMRI volume to the T2, and the T2 to the partic-
ipant’s structural image; (8) transformation of the fMRI data to
a 3 x 3 x 3 mm voxel atlas space using a single affine 12-
parameter transform; and (9) spatial smoothing using a 6-mm
full-width at half-maximum Gaussian filter.

Movement correction

Stringent data quality criteria were used for participant
inclusion in the present analyses. The signal-to-noise ratio
(SNR; i.e., the mean signal/standard deviation across each
BOLD run, computed for each slice and then averaged
across all slices) for each of the two task runs was calculated
using in-house software following preprocessing. Only par-
ticipants with an SNR for each of the task runs above 200
were included in the present analyses (mean SNR for first
run: 579.83 + 196.35, minimum=223; mean SNR for sec-
ond run: 510.35 £ 185.15, minimum=230). Out of 67 psy-
chiatrically healthy children who met all other inclusion
criteria, 52 met these further criteria (i.e., 15 were excluded
for not completing both runs of the task or for having an
SNR > 200 on at least one run). After the preprocessing
steps described above, we applied previously validated cor-
rections for head motion, termed “motion scrubbing,”
adapted for fMRI data (Power, Barnes, Snyder, Schlaggar,
& Petersen, 2012). The motion-scrubbing procedure as-
sesses frame-wise displacement on the basis of the move-
ment parameters used in Preprocessing Step 4. For any
given frame (i.e., time point), this represents the differential
head motion from the previous frame summing across linear
(x, y, z) and rotational displacements (yaw, pitch, and roll,
where degrees of rotation are converted to millimeters of
movement by calculating displacement on the surface of a
sphere with a radius of 50 mm). A temporal mask was created
to remove any frame with a sum displacement greater than
0.5 mm. This threshold was selected to be stringent and
remove any spikes in head motion while still maintaining
the majority of the data. Details on the validity and efficacy
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of'this procedure and on the number of frames removed by the
motion scrubbing are presented in the supplementary
materials.

fMRI analysis

Analysis of the fMRI data was performed using in-house
software (FIDL analysis package, www.nil.wustl.edu/~fidl/).
A voxel-wise general linear model (GLM) approach was
used, which incorporated regressors for linear trend and
baseline shifts. We did not assume a hemodynamic response
shape for this analysis because of concerns about potential
age-related differences in the shape or timing of this response
(e.g., Huettel, Singerman, & McCarthy, 2001; Jacobs et al.,
2008; Richter & Richter, 2003). Instead, a finite impulse
response approach was used in which seven frames (seven
2-s TRs per trial) were modeled for each trial. Only those
trials on which the participant made a correct gender judgment
were included in the analysis, though there were overall very
few incorrect trials (mean error rate=4.5 %, between zero and
seven errors/emotion type across subjects, mean of 1.7 errors
per emotion type). We performed region-of-interest (ROI)
analyses focusing on the amygdala and then exploring effects
at the whole-brain level. Both the primary ROI-based and
whole-brain analyses consisted of a repeated measures analysis
of variance (ANOVA) with Time (seven time points per trial)
as the repeated measure, Emotion (five facial expression types:
neutral, sad, angry, happy, and fearful), as a within-subjects
factor, and Sex and Pubertal Status as between-subjects factors.
With this analysis, a significant main effect of time indicates
that there are differences in activity across time points (testing
the null hypothesis that activity is equal at all time points). We
did not focus on main effects of emotion, sex, or puberty
(which test for mean differences in these factors averaged
across time points) as these often can indicate baseline shifts
or poor modeling by the GLM in certain regions and are less
meaningful than interactions with time. Any interactions with
time indicate a significant difference in activity across conditions
over at least some time points (e.g., a difference in peak ampli-
tude or in shape). We did not attempt to interpret any four-way
interactions (Time x Emotion X Sex x Pubertal Status) because
of the complexity of such effect and their likely lack of robust-
ness. However, we did examine up to the three-way interactions.

Amygdala ROI analyses Amygdala ROIs were defined in
two ways: functionally and anatomically. The functionally
defined ROIs were isolated from the whole-brain main effect
of time from the ANOVA described above and in the Whole-
Brain Analyses section. These ROIs selected voxels that
showed significant activation to the task at the group level,
but may not clearly represent the anatomical boundaries of the
amygdala for individual participants. Thus, as an alternative
approach, to define amygdala ROIs with greater anatomical

specificity, we used FreeSurfer version 4.5.0 (Fischl et al.,
2002; Fischl et al., 2004) to segment each participant’s T1
anatomical image. Amygdala ROIs were extracted for each
participant, down-sampled to match the functional resolution
of the atlas space (3 x 3 x 3 mm), and registered to the
common atlas space using each participant’s whole-brain
transformation parameters from preprocessing. Mean time
courses for each emotion type were extracted for each partic-
ipant from the group-level functional ROIs and from his or her
individually defined anatomical amygdala ROIs. The ANOVA
described above was performed on this data using IBM SPSS
Statistics 18.0 (SPSS Inc., Chicago, IL). Additionally, corre-
lation analyses were performed to explore the relationship
between amygdala activity and age, CDI-C, CDI-P, and
CEMS-S scores. Control correlations were also performed
with postinduction mood and change in reported mood due
to the mood induction to affirm that this prior task had no
effect on the present results. These factors were correlated
with the average activity from the anatomically defined amyg-
dala ROIs for each emotion type, as well as the comparison of
fearful faces to neutral faces and of sad faces to neutral faces.

Whole-brain analyses The repeated measures ANOVA de-
scribed above was performed using the FIDL analysis package
to examine effects of time, emotion, sex, and pubertal status at
the whole-brain level. On the basis of Monte Carlo simulations
implemented with in-house software, a significance threshold
of 13 contiguous voxels with z values > 3.0 was used to obtain
a whole-brain false-positive rate of .05. The resulting signifi-
cance maps were separated into ROI clusters using in-house
peak finding scripts that identify peaks in z scores at least
15 mm apart from each other. These ROIs were used to
examine the time course of the hemodynamic response and
for post-hoc contrasts to parse the source of significant effects
(Bonferroni corrected for the number of post-hoc tests
performed for each ROI). Additionally, participant age was
correlated at every voxel with the average activity for each
emotion type. On the basis of Monte Carlo simulations, a
significance threshold of 17 contiguous voxels with z values
> 3.0 was used to obtain a whole-brain false positive rate of .05.

Results
Demographic characteristics

In Table 1 we present the demographic characteristics of the
sample. Given the interest in potential effects of sex in
emotional processing, we explored sex differences in the
distribution of the other demographic factors. There was no
significant difference in ethnic distribution as a function of
sex [\*(2, N=52)=3.74, p = .15]. Most of the participants
were right handed (44/52 participants), and there was no
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Table 2 Amygdala region-of-
interest (ROI) ANOVA results
from functionally and anatomi-
cally defined ROIs

This table represents the results
of repeated measures ANOVAs
of left and right amygdala activ-
ity from functionally and ana-
tomically defined ROls.
Emotion (five face types) is a
within-subjects factor, Time
(seven time points/trial) is the
repeated measure, and Sex and
Pubertal Status (three groups)
are between-subjects factors.
“Mauchly’s test was used to test
the assumption of sphericity. df’
values represent the numerator
degrees of freedom, adjusted for
nonsphericity by Greenhouse—
Geisser correction

Functional ROIs

Anatomical ROIs

df~ F p Partial i df F p Partial 1*

Left Hemisphere

Time " 3.04 532 2E-03 .10 3.46 563 1E-03 .11
Emotion x Time 9.04 1.04 41 .02 1126 073 .72 .02
Sex x Time 3.04 1.16 .33 .03 3.46 1.16 .33 .03
Emotion x Sex x Time 9.04 0.77 .64 .02 1126 040 .96 .01
Puberty x Time 6.08 0.41 .88 .02 6.92 083 .56 .04
Emotion x Puberty x Time 18.09 0.61 .90 .03 2253 056 .95 .02
Sex x Puberty x Time 6.08 0.43 .86 .02 6.92 0.63 .73 .03
Right Hemisphere

Time " 3.70 9.49 1E-06 .17 2.99 4.85 3E-03 .10
Emotion x Time 1024 088 .55 .02 1050 072 .72 .02
Sex x Time 3.70 0.77 .54 .02 2.99 075 .53 .02
Emotion x Sex x Time 1024 0.73 .70 .02 10.50 043 .94 .01
Puberty x Time 7.40 0.78 .61 .03 5.97 0.78 .59 .03
Emotion x Puberty x Time 2047 0.65 .88 .03 21.00 0.53 .96 .02
Sex x Puberty x Time 7.40 0.69 .69 .03 597 0.50 .81 .02

significant difference as a function of sex [x*(1, N = 52) =
1.66, p=.44]. The males in this sample were significantly
older than the females [#(51) = 2.41, p = .02]. However, no
significant difference in the distribution of pubertal status was
found as a function of sex [x*(2, N = 52) = 4.50, p = .11],
though the males were significantly older than females in

Stages 1 [#(25) = 2.81, p=.01] and II [#(9) = 8.42, p = .02].
Additionally, there was a significant relationship between
pubertal status and age [Spearman’s p(50) = .75, p < .001].
No significant sex differences were found for scores on the CDI-
C [#48) = 0.19, p = .85] or CEMS-S [#38) = 0.57, p = .57].
However, the females in this sample showed higher 7 scores on

Fig. 1 Functionally and
anatomically defined amygdala
regions of interest (ROIs). (a)
Functionally defined amygdala
ROIs isolated from the whole-
brain main effect of time (b)
Anatomically defined amygdala
ROIs isolated by FreeSurfer
segmentation. Heat map values
indicate the number of
participants with overlapping
ROIs at each voxel. (¢) Time
courses (average of all face
types) for left and right
anatomically defined ROIs with
95 % confidence intervals.
*Significant difference from

zero at a given time point )
< .0%) g p C) Left Amygdala: Main Effect of Time Right Amygdala: Main Effect of Time
<. 0.15 0.15 -
* - -
% 0.1 0.1
G o005 0.05
L]
)
w 0 0
=
0.0 -0.05
0.1 0.1
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the CDI-P than the males [#49) = 3.22, p = .002], though both
groups were still in the nondepressed range (< 65).

Amygdala ROI results

Amygdala ROI ANOVA Table 2 presents the results of the
ANOVA for the functionally and anatomically defined
amygdala ROIs (Fig. 1 shows these ROIs and the average
time courses for the anatomically defined ROIs). These
results demonstrate that the amygdala is active during face
viewing, given the significant main effect of time point found
for both the bilateral amygdala, defined both functionally and
anatomically [e.g., anatomical left amygdala ROI: F(3.46,
159.17) =5.63, p <.001, 77p2 =.11]. However, no other effect
reached significance in either the functionally or anatomically
defined amygdala ROIs. Although it is difficult to draw in-
ferences with certainty from null results, we feel that our
sample size provided sufficient power to isolate even a small
effect of emotion type. Specifically, using G*Power (Faul,
Erdfelder, Lang, & Buchner, 2007), we derived post-hoc
estimates of our achieved power to find significant effects of
a within-subjects condition (i.e., emotion type) with a repeated
measures ANOVA at the small effect sizes observed in these
data. With 52 participants, we had power of .62 to detect a
small effect with a partial 7> of .01 and power over .99 to
detect an effect with a partial 7> of .03 or greater. We
conducted three additional analyses to confirm these results:
(1) a repeated measures ANOVA including all seven time
points including only Time and Emotion Type as factors,
given that including Pubertal Status and Sex as between-
subjects factors could lower power to detect effects of emo-
tion; (2) a repeated measures ANOVA with only Emotion
Type as a factor and using only Time Point 3 (the peak time

point of the average time courses); and (3) a repeated mea-
sures ANOVA with only Emotion Type as a within-subjects
factor using data modeled with an assumed hemodynamic
response (SPM canonical function). The results of these three
additional ANOVAs were essentially identical to those ob-
served in Table 2 (i.e., significant amygdala responsivity to all
face types, but no significant effect of Emotion x Time in both
the left or right amygdala) and are presented in Supplementary
Table 1 and Supplementary Fig. 4. Additionally, to assure that
including half-intensity emotional faces did alter the results, we
also ran an ANOVA including only the full-intensity faces and
still found no effect of emotion type (ps > .78).

Amygdala ROI correlations In Table 3, we present the corre-
lations between average activity for the different emotion types
from the anatomically defined amygdala ROIs and age, CDI-C,
CDI-P, and CEMS-S scores. In addition, we examined the
differences in activity between sad and neutral faces and be-
tween fearful and neutral faces. To control false positives due to
multiple comparisons, we used a false discovery rate (FDR)
correction within measure and hemisphere. Partial correlations
were used to control for the effect of sex in the age and CDI-P
correlations, given that the boys and girls showed significant
mean differences on these variables. No significant correlations
were found between age and amygdala activity to any emotion
type. CDI-C scores were not normally distributed in this
sample [Kolmogorov—Smirnov test of normality: Z(47) =
1.59, p = .013], and as such, nonparametric correlations with
CDI-C were calculated (Spearman’s p). Significant negative
correlations were found between bilateral amygdala activ-
ity to neutral faces and CDI-C scores, though only the corre-
lation with left amygdala activity survived FDR correction.
Significant positive correlations were found between parent

Table 3 Correlations of average activity from anatomical amygdala ROIs with age, CDI-C, CDI-P, and CEMS-S scores

Condition Side Neutral Angry Sad Happy Fear Sad - Neutral Fear - Neutral
Age (sex) Left 0.027 0.114 -0.186 0.143 -0.040 -0.171 -0.084
N =52 Right -.001 121 -.132 -.025 -.103 -.202 -.076
CDI-C Left -.450*** 0.066 -0.091 0.081 -0.191 0.259 0.172
N =49 Right -.366** -.072 -.233 -.017 -.198 A73 21
CDI-P (sex) Left 0.250 0.416* -0.019  0.407**  0.286* -0.257 -0.063
N =50 Right .225 .228 .025 .366** 144 -.186 -.071
CEMS-S Left -0.052 0.111 0.276 -0.155 0.060 0.224 0.100
N =39 Right -.222 .262 .355% 194 .296 .496** .374*

All correlation values represent Pearson’s  values, except nonparametric correlations with CDI-C (Spearman’s p). Partial correlations controlling

for sex were used for the age and CDI-P correlations. Cells shaded in gray survived false discovery rate correction. " p <.05, " p <.01,

EEEY

p<.001.
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Fig. 2 Brain regions showing a
main effect of time (time point
within trial): Surface renderings
of the thresholded main effect
of time from the whole-brain
ANOVA results. The color
scale (shading, in print)
indicates z-score values

report CDI scores and activity to angry, happy, and fearful faces,
although only correlations with angry and happy face activity
survived FDR correction. Finally, CEMS-S scores were

positively correlated with right amygdala activity to sad faces
as well as activity to sad—neutral faces and fearful-neutral faces,
though only the correlation with fearful-neutral faces survived

Table 4 Emotion x Time, Sex X Time, and Emotion x Sex X Time interactions from the whole-brain ANOVA

Effect x* v z Voxels — F° p Value® Region BA  Post-Hoc

Emotion x Time —44 =75 -37 13 2.81 8.60E-06 Inferior semilunar lobule AH,F vs. N
Emotion x Time —10 —87 6 23 2.52 7.34E-05 Cuneus 17 AH vs. N

Emotion x Time 52 -29 32 19 2.50 8.65E-05 Inferior parietal lobule 40 A,S,H,F vs. N
Emotion x Time 33 -10 9 18 2.37 2.36E-04 Claustrum S,F vs. N

Emotion x Time =31 2 -9 13 2.27 4.51E-04  Superior temporal gyrus 38 Svs. N

Sex x Time 22 -90 2 72 13.63 1.50E-13  Lingual gyrus 17 F > M act”

Sex x Time 35 =75 —-11 46 9.07 4.67E-09  Fusiform gyrus 19 F > M act

Sex x Time 39 =59 -13 42 9.05 4.88E-09  Fusiform gyrus 37 F > M act

Sex x Time 27 =53 51 59 6.62 1.47E-06 Precuneus 7 F > M act; M: n.s.
Sex x Time 65 -8 5 10 4.09 6.03E-04  Superior temporal gyrus 22 F > M act; M: ns.
Sex x Time 42  -62 28 24 7.12 4.51E-07  Middle temporal gyrus 39 F > M act; M: ns.
Sex x Time 64 -23 3 25 5.06 6.09E-05 Superior temporal gyrus 22 F > M act; M: ns.
Sex x Time 27 —83 41 15 6.95 6.83E-07 Precuneus 19 F > M deact; M: n.s.
Sex x Time -17 —87 40 39 7.05 5.32E-07 Cuneus 19 F > M deact; M: n.s.
Sex x Time -5 =57 6 25 6.58 1.65E-06  Posterior cingulate 30 F > M deact; M: n.s.
Sex x Time =5 36 7 102 4.18 4.79E-04  Anterior cingulate 24 F > M deact; M: ns.
Sex x Time -9 —-49 26 36 4.76 1.24E-04  Posterior cingulate 31 F > M deact; M: n.s.
Sex x Time 42 =75 38 22 9.52 1.62E-09  Precuneus 19 F > M deact

Sex x Time =55 —60 18 21 331 3.69E-03 Superior temporal gyrus 39 F > M deact; M: n.s.
Sex x Time —-40 34 -8 41 5.37 2.87E-05 Inferior frontal gyrus 47 F > M deact; M: n.s.
Sex x Time =50 10 45 13 322 4.54E-03 Middle frontal gyrus 6 M > F act; F: n.s.
Sex x Time 16 =76  -12 27 4.73 1.32E-04  Declive of cerebellum M > F act

Sex x Time 26 4 1 25 3.77 1.26E-03 Putamen M > F act; F: n.s.
Emotion x Sex x Time 45 45 -1 15 3.01 1.73E-06 Inferior frontal gyrus 10 HJF: S x T

BA = Brodmann area. * Coordinates for peak of cluster, ° F value at peak coordinates, ©p value at peak coordinates. ~ Results of post-hoc contrasts
comparing each emotion face type to neutral faces (A = angry, S = sad, H = happy, F = fearful, N = neutral). * Results of post-hoc contrasts
examining main effects of time within males (M) and females (F) separately (act = activation, deact = deactivation, n.s. = not significant main effect
within sex). “Results of post-hoc contrasts examining Sex x Time interactions (S x T) within each emotion face type separately
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FDR correction. Postinduction mood and change in reported
mood due to negative mood induction were not correlated with
average activity, peak activity, or magnitude estimates with a
modeled hemodynamic response function for any emotion type,
sad—neutral faces, or fearful-neutral faces (all ps > .1).

Our analyses of puberty categorized individuals into pre-,
early-, and late-puberty groups. However, other work has
examined correlations across a five level puberty range
(Moore et al., 2012). To try to replicate these prior findings
more directly, we performed Spearman correlations between
pubertal status using the five Tanner stages and amygdala
responses in addition to the ANOVAs reported. We found that
right amygdala responses to sad faces and the sad—neutral
faces contrast negatively correlated with pubertal status [sad,
p(50)=—.285, p =.041; sad—neutral, p(50)=—330, p=.017],
though these effects did not pass correction for multiple
comparisons.

Whole-brain results

Whole-brain ANOVA Figure 2 shows the whole-brain
ANOVA results for the main effect of time (projected to
the surface of the brain rendering). This encompasses a wide
range of regions including occipital cortex regions, the
fusiform gyrus, response-related motor regions, anterior
and posterior cingulate regions, prefrontal regions, and a
number of limbic regions, including the amygdala and hip-
pocampus. The interaction between time and face emotion
type was significant in several areas, shown in Table 4.
These areas included the left superior temporal gyrus, re-
gions of the cerebellum, the cuneus, and the inferior parietal
lobule. To clarify the source of these interactions, we computed
post-hoc contrasts by examining whether an Emotion x Time
interaction emerged when each of the four emotional face
types was compared to neutral faces (repeated measures
ANOVA with two emotion types and seven time points). The
results of these post-hoc contrasts are shown in Table 4
(significant comparisons are noted, Bonferroni corrected).

Supplementary Fig. 5 shows time courses for each emotion
type separately for two example regions. Notably, the amygdala
was not among the regions showing a Time x Emotion Type
interaction.

Table 4 (and Supplementary Fig. 6) shows the regions
demonstrating a significant interaction of sex and time. These
regions showed several different time course patterns, as is
shown in Fig. 3. First, there were several regions that showed
greater activation in females as compared to males (in Table 4:
F > M act.), including the right lingual gyrus, right fusiform
gyrus, right precuneus, and superior and middle temporal gyri.
Several other regions showed greater deactivation in females
as compared to males (F > M deact.), including the right and
left precuneus, the left cuneus, left anterior and posterior
cingulate, left inferior frontal gyrus, and left superior temporal
gyrus. Post-hoc ANOVAs (seven time points as the repeated
measure) testing for a main effect of time for each sex sepa-
rately indicated that most of these regions were active in
females but not males, as is noted in Table 4. The middle
frontal gyrus, declive, and putamen showed greater activity in
males than females, with no significant main effect of time in
these regions for females (M > F act., F: n.s.).

As is indicated in Table 4, only one region showed a
significant Emotion Type x Sex % Time interaction. This right
inferior frontal gyrus region is shown in Fig. 4. To understand
the source of this interaction, we conducted post-hoc repeated
measures ANOVAs separately for each emotion type with
time as the repeated measure (seven time points) and Sex as
a between-subjects factor. These post-hoc contrasts indicated
a significant Sex x Time interaction only for happy
[F(4, 88) = 3.49, p = .005] and fearful faces [F(4, 15) =
3.17, p = .014, although this effect did not pass Bonferroni
correction]. As is shown in Fig. 4, males tended to show earlier
peaks in activity to both happy and fearful faces than did females.

Table 5 and Fig. 5 show the ANOVA results for the
interactions with pubertal status. As can be seen in Fig. 5,
the regions showing significant interactions with puberty are
mainly located in primary and secondary visual cortex regions.

A) Gender x Time: B) Gender x Time: C) Gender x Time:

. Fusiform Gyrus (+39,-59,-13) Bl Precuneus (+27,-53,+51) 48 Putamen (+26,+4,+1)
-l —ale ® 005 .. | —Male
€ 0.3 c 0 c 0.12 —

2 —=Female & | ] Female
] 0 = ]

5 o2l —4p 5 4] S 0.08
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Fig. 3 Example time courses in brain regions showing three different
types of interactions between sex and time. Lines indicate the average
time courses for each sex. (a) Fusiform gyrus shows greater activity in
females than in males (F > M, act). (b) Precuneus shows deactivation

in females and no significant effect of time in males (F > M deact; M:
n.s.). (¢) Putamen shows activation in males and no significant effect of
time in females (M > F act; F: n.s.)
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% Signal Change

Emotion x Gender x Time
Inferior Frontal Gyrus (+45,+45,-1)

==—=Male: Happy
= = Male: Fearful

===Female: Happy
N = = Female: Fearful
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Fig. 4 Time course for the inferior frontal gyrus region showing an
Emotion x Sex x Time interaction. (a) Surface rendering of the region
showing the Emotion x Sex x Time interaction. The color scale
(shading, in print) represents z-score values from a whole-brain

As is indicated by the post-hoc tests in Table 5 and the time
courses in Supplementary Fig. 7, the regions with a significant
Puberty x Time interaction show increased activity in the late
and/or early puberty groups as compared to the prepubertal
group including the lingual, fusiform, and inferior occipital
gyri. The cuneus and middle occipital gyrus show this increased
late versus prepubertal group activity as well as differentiation
between the late and early groups. Several regions show an
Emotion x Puberty x Time interaction, including the fusiform
gyrus, lingual gyrus, and transverse and superior temporal gyri.
A variety of visual regions also show a Puberty x Sex x Time
interaction. Post-hoc tests showed that the interaction in most
regions was driven by Puberty x Time interactions in the
females where the early puberty females show increased activity.
The lingual gyrus and precuneus also show differential activity in
the males across puberty groups where the males in late puberty
show elevated activity.

Whole-brain correlations Table 6 shows the results of whole-
brain partial correlations with age controlling for sex. All of
the identified regions showed a negative correlation with age,
such that older children exhibit less activity to the indicated
emotion type. There was a negative correlation between left
supramarginal gyrus activity to neutral faces and age and
between left precentral gyrus activity to sad faces and age.
Additionally, the responses to fearful faces in the cerebellum,
parahippocampal gyrus, insula, cuneus, middle occipital gyrus,
and cingulate gyrus were negatively correlated with age.

Discussion

Research exploring emotion processing in humans has
shown that the amygdala is central to the processing of fear
(e.g., Adolphs et al., 1995; Bishop et al., 2004; Broks et al.,
1998; Calder, 1996; LaBar et al., 1998; LeDoux, 2003; Morris
et al., 1998; Phillips et al., 1997), although the amygdala also
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ANOVA. (b) Lines indicate average time courses for happy- and
fearful-face trials (the only emotion types showing a Sex x Time
interaction), split by sex

shows increased activity to other emotional stimuli (for meta-
analyses, see Costafreda et al., 2008; Phan et al., 2002).
Developmental studies of amygdala activity have suggested
that emotional responses show an inverted U-shaped develop-
mental trajectory, in which amygdala activity to emotional
stimuli is stronger in adolescents than in either children or adults
(Guyer et al., 2008; Monk et al., 2003; Moore et al., 2012).
However, the available literature offers mixed results and has
been limited in its ability to inform us as to whether children
show differential activity to emotionally evocative versus neu-
tral faces, due to small sample sizes and broad age ranges (e.g.,
Britton et al., 2010; Lobaugh et al., 2006; Thomas et al., 2001a,
2001b; Tottenham et al., 2011).

Amygdala response to emotional and neutral faces

Consistent with the large and established literature on this topic,
we found that the bilateral amygdala was active in response to
face processing in children. However, we found no evidence
that the amygdala showed differential activity to emotionally
valenced faces or neutral faces, either in ROI-based analyses or
in whole-brain analyses. As such, our findings are consistent
with prior results suggesting that differential amygdala re-
sponses to specific facial emotions observed in adults arise later
in development, during adolescence and into early adulthood.
Additionally, undifferentiated amygdala responses to emotional
faces are consistent with studies of normative emotion devel-
opment in childhood demonstrating that the ability to discern
and understand the emotions of others increases in sophistica-
tion through school age and into adolescence. That is, the ability
to react to and fully experience differences in emotions
expressed by others is developing during this period (Durand,
Gallay, Seigneuric, Robichon, & Baudouin, 2007; Gross &
Ballif, 1991), and this may be reflected in the overall activity
to faces but the lack of differentiation to different emotion types
in these data. These findings may be important for understand-
ing emotion processing in children and across development.
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Table 5 Puberty x Time, Emotion x Puberty x Time, and Puberty x Sex x Time interactions from the whole-brain ANOVA

Effect x* v z Voxels — F° p Value® Region BA  Post-Hoc
Puberty x Time 10 -84 =5 88 7.89 1.16E-12 Lingual gyrus 18 P<E=L"
Puberty x Time 29 -89 20 52 7.14 2.45E-11 Middle occipital gyrus 19 P=E<L
Puberty x Time 6 =77 26 81 6.46 3.88E-10 Cuneus 18 P=L<E
Puberty x Time 21 —101 10 31 532 4.26E-08 Middle occipital gyrus 18 P=E<L
Puberty x Time -25 =90 0 18 4.38 2.11E-06 Cuneus 18 P<E<L
Puberty x Time -36 =52 -9 17 4.34 2.50E-06 Fusiform gyrus 37 P<E=L
Puberty x Time 27 —87 -15 35 7.20 1.92E-11 Inferior occipital gyrus 18 P<E=L
Emotion x Puberty x Time 26 -93 -13 93 3.39 3.45E-13 Fusiform gyrus 18 F:P x T*
Emotion x Puberty x Time =35 —87 —-18 24 2.92 3.55E-10 Declive of cerebellum -
Emotion x Puberty x Time 8 —94 -8 81 2.92 3.69E-10 Lingual gyrus 18 -
Emotion x Puberty x Time —63 -18 8 30 2.68 1.15E-08 Transverse temporal gyrus 42 -
Emotion x Puberty x Time -13 -95 -17 16 2.70 9.03E-09 Lingual gyrus 17 -
Emotion x Puberty x Time -62 -35 12 8 2.12 2.01E-05 Superior temporal gyrus 22 P:ExT
Puberty x Sex x Time 22 —86 20 140 14.65 1.27E-23 Cuneus 18 E,L: S xT;
F:PxT»
Puberty x Sex x Time 24 —81 -6 91 8.74 3.95E-14 Lingual gyrus 18 E: S xT,
MF:PxT
Puberty x Sex x Time 10 =72 22 41 6.15 1.41E-09 Precuneus 31 E:SxT,
F:PxT
Puberty x Sex x Time =7 91 29 52 6.47 3.84E-10 Cuneus 19 E,L: S xT;
F:PxT
Puberty x Sex x Time -6 —-100 9 40 5.54 1.75E-08 Cuneus 18 E: S xT;
F:PxT
Puberty x Sex x Time -17 -87 -15 29 4.96 1.95E-07 Lingual Gyrus 18 E,L: S x T,
MF: P xT
Puberty x Sex x Time -18 -93 19 65 4.81 3.56E-07 Cuneus 18 E,L: S xT;
F:PxT
Puberty x Sex x Time —40 -84 -20 16 4.18 4.81E-06 Declive of Cerebellum L:SxT,
F:PxT
Puberty x Sex x Time —41 =71 37 18 3.93 1.35E-05 Precuneus 19 M: P xT
Puberty x Sex x Time —4 —48 45 14 3.24 2.22E-04 Precuneus 7 P:SxT;
M: P xT

BA = Brodmann area. * Coordinates for peak of cluster, ° F value at peak coordinates, ©p value at peak coordinates. * Results of post-hoc contrasts
comparing pre (P), early (E), and late (L) pubertal status children. * Results of post-hoc contrasts examining interactions of puberty and time (P x T)
separately for each emotion or emotion and time (E x T) for each pubertal group. “Results of post-hoc contrasts examining interactions of Sex x
Time (S x T) separately for each puberty group (P = pre, E = early, L = late), or interactions of Puberty x Time (P x T) separately for males (M) and

females (F)

Particularly, these data indicate that differential amygdala
responses to different emotional faces have not fully developed
in this school-age range, suggesting that the peak of the proposed
inverted U-shaped curve of emotional development occurs after
this 7- to 12-year-old range. Additionally, understanding the
normative pattern of amygdala responses to emotional faces will
be key to further study of the neural correlates of emotion
processing and related psychopathology in this age range.
However, a crucial next step will be to explore amygdala
responses to emotional faces longitudinally, following the
same individuals from childhood, across adolescence, and into

adulthood to fully characterize the developmental trajectory of
amygdala activity. Characterizing the normative developmen-
tal patterns of amygdala activity in healthy children is key to
understanding emotion processing in child psychopathology.

We also examined whether the degree of amygdala
response was associated with either age or puberty status,
but we did not find any significant relationships. This result
differs from previous results finding that pubertal development
positively correlated with amygdala responses to emotional
and neutral faces in 13-year-old children and with responses
to neutral faces in 10-year-old children (Moore et al., 2012).
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Fig. 5 Brain regions showing
interactions with pubertal
status. Colors indicate
interaction types. The inset
shows the ventral posterior right
hemisphere, to highlight the
region of greatest overlap. Red:
Puberty x Time; Green: Puberty
x Sex x Time; Blue: Emotion x
Puberty x Time; Yellow:
overlap of Puberty x Sex x
Time and Puberty x Time;
Purple: overlap of Emotion x
Puberty x Time and Puberty x
Time; Pink: overlap between all
three contrasts

The differences in results across studies may be due to differ-
ences in the sample properties or in analytic approaches,
although even when we used a similar analytical approach,
the findings of Moore et al. were not replicated in this sample.
In addition, a previous study of children and adolescents
(9-17 years old) did find a negative correlation between age
and left amygdala response to fearful faces (Killgore et al.,
2001), which was not evident in our sample. However, the age
range in the Killgore et al. study extended much later into
adolescence than in our sample, and the direction of the corre-
lation in that study was different than what would be predicted
from some other studies comparing amygdala responses in
children, adolescents, and adults. In the present study, we did
not detect a strong relationship between pubertal status and
amygdala activity. However, most of the study participants
were either prepubertal or in early pubertal stages, so further
study of these participants later in puberty would be important
to further elucidate this issue.

Facial emotion-processing tasks tapping amygdala reactivity
have been used as a key method to study depression and other
psychiatric conditions. In these studies, adult and adolescent
patients with major depressive disorder tend to show increased
amygdala responses to emotional faces relative to healthy con-
trols (Beesdo et al., 2009; Peluso et al., 2009; Yang et al., 2010).

The degree of amygdala overactivity has been shown to predict
a more severe clinical course in MDD patients over eight
months (Canli et al., 2005). Thus, we were also interested in
examining whether the degree of amygdala response to any
face type was associated with subclinical depression symptom
severity (CDI) or the ability to regulate sadness (CEMS-S) in a
nonclinical sample. We found that child-reported CDI scores
negatively correlated with left amygdala responses to neutral
faces. In addition, parent-reported CDI scores were positively
correlated with left amygdala responses to angry, fearful, and
happy faces. Interestingly, differences between the child- and
parent-report versions of the CDI in their relation to emotion-
related brain activity were also noted in previous work with
children from this same sample in a different task (Pagliaccio et
al., 2011). Although the parent and child versions of the CDI
are related, they may access different aspects of MDD
symptomology and potentially different aspects of emotion
processing, as the parent report may be more representative of
external indicators of mood, whereas the child report maybe
more representative of internal experiences. Yet increasing
scores on both the parent- and child-report versions of the
CDI may be consistent with greater amygdala reactivity to
emotional versus neutral faces, typically seen in depression,
as CDI-C scores correlated negatively with reactivity to neutral

Table 6 Whole-brain partial

correlations with age controlling Emotion x* Y z r t Value® p Value® Region BA
for effects of sex
Neutral —58 —60 30 -.52 —4.35 6.70E-05 Supramarginal gyrus 40
Sad -22 -21 48 =51 —4.15 1.30E-04 Precentral gyrus 4
Fear 14 —48 -3 -.57 —4.89 1.09E-05 Culmen of cerebellum
Fear 8 -39 3 —.48 -3.90 2.87E-04 Parahippocampal gyrus 30
Fear 34 =27 18 —46 -3.66 6.03E-04 Insula 13
BA = Brodmann area. Fear -10 —87 18 —48 -3.87 3.17E-04 Cuneus 18
?Coordinates for peak of cluster, Fear 10 -93 18 —.60 -5.25 3.17E-06 Middle occipital gyrus 18
°# value at peak coordinates, °p Fear -2 0 45  —46  -3.65 6.20E-04  Cingulate gyrus 24

value at peak coordinates
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faces, and CDI-P scores correlated positively with emotional
face activity. It was also of interest that right amygdala activity
to sad faces and to the contrasts of sad — neutral and fearful —
neutral faces correlated positively with CEMS-S scores (posi-
tive scores indicate increasingly maladaptive emotion manage-
ment skills). In other words, children with poor sadness
management skills showed greater amygdala responses to sad
and fearful than to neutral faces. A study exploring amygdala
reactivity in 4- to 6-year-old children with and without
preschool-onset major depression noted a similar relationship
between poor emotion regulation skills and amygdala reactivity
to emotional and neutral faces (Gaffrey, Barch, Singer, Shenoy,
& Luby, 2013).

Differential responses to emotion types outside of the
amygdala

Outside of the amygdala, several regions did show differen-
tial responses as a function of emotional face type.
Particularly, the inferior semilunar lobule of the cerebellum,
cuneus, inferior parietal lobule, claustrum, and superior
temporal gyrus differentiated between several emotional
face types and neutral faces, though the exact patterns
differed across regions. These findings provide clues as to
what other regions of the brain, outside of the amygdala, are
differentially involved in processing emotional and neutral
faces. Other studies have found differential activity to emo-
tional versus neutral faces in a range of regions outside of
the amygdala. In a meta-analyses, similar regions as noted
here have been related to different emotion types though not
necessarily in the pattern observed in this pediatric sample
(Fusar-Poli et al., 2009). Overall, these patterns of results
outside of the amygdala were not highly indicative of any
strong conclusions about emotion processing, and they
should be examined further in future work.

Sex differences in regions outside of the amygdala

We also found a number of regions that showed interactions
with sex. These results may indicate important sex differences
in attention to or engagement with emotional face stimuli,
with girls showing greater responses in typical face- and
object-processing regions (e.g., the fusiform gyrus and supe-
rior and middle temporal gyri) and deactivations in regions
associated with the default network (e.g., anterior and posterior
cingulate) that were not observed among boys. In contrast, the
pattern of results in the boys could suggest that they use a more
“cognitively” based strategy for processing faces in this task,
as they showed greater activation of regions more typically
associated with cognitive processing (e.g., middle frontal gyrus
and the putamen). Only a single region, inferior frontal cortex,
showed a further interaction of sex with emotion type. This sex
difference seemed to primarily reflect differences in the timing

of activation rather than the degree of activation, with boys
showing early peaks than girls to both fearful and happy faces.
A similar region also exhibited sex differences in activity
evoked by emotionally valenced images in a previous study
(Wrase et al., 2003). Additionally, this inferior frontal region
has been associated with emotional perspective taking and
observing facial expression making (Hynes et al., 2006; Jabbi
& Keysers, 2008).

Effects of puberty outside of the amygdala

We also examined influences of pubertal status on regions
involved in facial emotion processing outside of the amygdala.
The early and late puberty groups showed increased activity
relative to the prepubertal group in the middle occipital gyrus,
lingual gyrus, cuneus, and fusiform gyrus. A range of largely
overlapping visual cortex regions also exhibited Emotion x
Puberty x Time and/or Puberty x Sex x Time interactions. The
overlap between these interactions with pubertal status sug-
gests the importance of development on visual responses to
emotional faces. Interestingly, Moore et al. (2012) also noted
positive correlations between pubertal status and extrastriate
visual cortex activity to both emotional and neutral faces.
Although we cannot determine the facts specifically from these
results, it is possible that this effect may indicate increased
attention to the face stimuli in the children later in puberty.
However, it is difficult to fully interpret the source of these
pubertal effects with the given task design. Using a gender
judgment task yields no direct measure of identification of or
engagement with emotions. The hypothesis of a differential
attentional focus or bias as a function of sex or pubertal status
could thus be explored through other tasks with explicit mea-
sures of attention or engagement.

Limitations

One of the primary limitations of the present study is that
one of the main findings (lack of differential amygdala
responsivity to emotional faces) is a null result. Again,
although the amygdala showed significant main effects of
time across the five face types, there was no significant
effect of Emotion X Time, indicating that the amygdala is
active to all face types but likely does not show differential
activation patterns to different emotions in healthy 7- to 12-
year-old children. Though it is difficult to draw inferences
from null result, we feel that our sample size yields more
than sufficient power to identify even small potential effects.
Additionally, the effect sizes observed for the Emotion x
Time interactions were very small indicating little to no
difference between conditions. These results are also consis-
tent at the whole-brain and ROI level (both anatomically and
functionally defined) and when examining the magnitude of
amygdala activity with an assumed hemodynamic response
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function, helping to indicate that amygdala activity in children
7—12 years old does not differentiate between facial emotion
types.

Another limitation to note is that all children underwent a
negative mood induction prior to the facial emotion-
processing task. This was included in the scan session on
the basis of the goals of the PDS and though not of interest
in the present analyses, we also do not believe that this prior
task would introduce any bias into the present analyses.
Previous work has shown that mood induction can reactivate
negative affective biases specifically in previously depressed
individual but not in never depressed individuals (Scher et al.,
2005). Because all children in this sample were assessed as
psychiatrically healthy through the time of scan, we did not
expect this mood induction to influence the present task. This
was confirmed in control analyses showing that postinduction
mood and change in mood due to negative mood induction
were not correlated with amygdala response to any face type.
Additionally, should the mood induction have had an effect,
we would have expected it to increase the salience of negative
facial expressions, which was not apparent in our null effect of
emotion type.

Conclusion

Overall, we did not find evidence for differential amygdala
responses to different emotional face types in 7- to 12-year-
old children, but we did find that increased amygdala activ-
ity was related to the severity of subclinical depression
symptoms, as rated by parents, and to sadness regulation
skills. Therefore, although amygdala responses to emotional
and neutral faces may be sensitive to differences related to
depression symptom severity and emotion management
skills, it is important to consider this overall amygdala
response to faces but the null effect of emotion type when
investigating psychopathology in school-age children. In
contrast to findings in the amygdala, other regions of the
brain did show differential activity to different emotion
types, with influences of sex in frontal, temporal, and visual
regions, as well as of pubertal development, particularly in
visual cortex regions. Future work will be needed to determine
whether these sex and/or pubertal influences on activity in
visual-processing regions reflect differential attention to or
processing of emotional face stimuli in children. Further study
of amygdala processing in healthy children could be aided by
the inclusion of targeted high-resolution functional scanning
of the amygdala during this type of emotion-processing task in
order to assure the best quality signal—although studies in
adults have found differential amygdala reactivity with whole-
brain scans—and to potentially explore differences among
amygdala subregions. Longitudinal follow-up will also be
key to further understanding the development of differential
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amygdala responses to emotional faces, allowing for the
assessment of within-subjects trajectories from childhood to
adolescence.
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