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A B S T R A C T

Immature cognition is susceptible to interference from competing information, and particularly in affectively
charged situations. Several studies have reported activation in the anterior cingulate cortex, prefrontal cortex
and amygdala associated with emotional conflict processing in adults but literature is lacking regarding children.
Moreover, studies in children and adolescents still disagree regarding the functional activation of amygdala
related to facial stimuli. In the purpose of investigating both the effect of socio-emotional stimuli and its in-
teraction with interference control, we designed a flanker task associated with an event-related fMRI paradigm
in 30 healthy children ages 9–11. In addition to happy, angry and neutral faces, we presented scrambled stimuli
to examine a potential effect of faces. Regarding both brain and behavior results, no effect of emotional valence
was observed. However, both results evidenced an emotional effect of faces compared with scrambled stimuli.
This was expressed by faster RTs associated with increased amygdala activity and activation of the ventral ACC,
in congruent trials only. When scrambled were inversely compared to faces, increased activity was observed
within the lateral prefrontal cortex. Regarding the amygdala, the results suggest that in late school age children,
activity in the amygdala seemed to underlie the socio-emotional effect induced by faces but not the emotional
conflict. Studying brain regions involved in emotion regulation is important to further understand neurodeve-
lopmental disorders and psychopathologies, particularly in late childhood and adolescence.

1. Introduction

Conceiving the relation between cognitive and affective brain net-
works is thought to be crucial for self-regulation and decision making,
and thus for understanding psychopathologies, particularly in late
childhood and adolescence (Arnsten and Rubia, 2012; Kar et al., 2013;
Nigg et al., 2010). It has been well established that immature cognition
is susceptible to interference from competing information and actions
(Bunge and Crone, 2009; Durston et al., 2002; Kar et al., 2013), and
particularly in affectively charged situations. Interference control, also
referred to as conflict monitoring, is a core aspect of cognitive control
which is crucial to higher functioning. It is defined as the ability to

selectively attend to task-relevant information while inhibiting dis-
tracting information and covers both selective attention and inhibition
abilities. Most fMRI studies measuring interference control in children
used Flanker or Stroop tasks (Adleman et al., 2002; Bunge et al., 2002;
Huyser et al., 2011; Konrad et al., 2005), which have been found well
suited to study neural correlates associated with developmental
changes (Casey et al., 2005; Kerns et al., 2005; Menon, 2013; Schulz
et al., 2005). None one of these studies explored the impact of an
emotional context on interference control abilities. However, in ev-
eryday life, we are often confronted with affectively charged situations.

The presence of affect or emotion can have an impact on our ability
to inhibit the interference of distracting information to focus on our
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main goal. Adult studies using fMRI to examine the impact of emotional
stimuli on interference control or inhibition (Etkin et al., 2006;
Goldstein et al., 2007; Hare et al., 2005; Kanske and Kotz, 2011b;
Ochsner et al., 2008; Shafritz et al., 2006) have reported activity in the
anterior cingulate cortex (ACC), amygdala, and prefrontal regions in-
cluding orbitofrontal cortex (OFC), posterior medial frontal cortex and
lateral prefrontal cortex (PFC). Interference control in general has been
primarily associated with activation in regions from the PFC and the
ACC. Moreover, the PFC is critically involved in top-down regulation of
attention, inhibition, and emotion through connections with posterior
cortical and subcortical structures (Arnsten and Rubia, 2012). These
fronto-striato-cerebellar or fronto-limbic circuits develop late and pro-
gressively between childhood and adulthood and are thus sensitive to
neurodevelopmental disorders (Arnsten and Rubia, 2012; Blair and
Dennis, 2010; Kar et al., 2013; Nigg et al., 2010). The ACC, which
maturation has been related to age improvements in conflict resolution
(Posner and Rothbart, 2007), seems to be divided in two major parts.
The dorsal part has connections with the PFC and is related to conflict
monitoring (Botvinick et al., 2004; Ridderinkhof et al., 2004), irre-
spective of the cognitive or emotional status of the task (Kanske and
Kotz, 2011a; Ochsner et al., 2008). The second part, more ventral and
rostral, has connections with the limbic system and is associated with
emotional processes (Bush et al., 2000). The amygdala and OFC are
both part of the socio-emotional processing network, which also in-
cludes the fusiform and inferior occipital gyri, and the superior tem-
poral sulcus (Leppanen and Nelson, 2009; Monk et al., 2003;
Vuilleumier, 2005). These regions are involved in the recognition of
facial emotional expressions and cues from social relations that are
important for social interactions and peer relationships (Healy et al.,
2013; Leppanen and Nelson, 2009). Activation of the OFC, ACC and
amygdala have also been evidenced in an fMRI study comparing 8–17
year olds and adults on selective attention during the viewing of
emotional face stimuli (Monk et al., 2003). More precisely, compared
with adults, adolescents showed greater activation of the OFC, ACC and
right amygdala related to fearful vs neutral faces, when attention was
unconstrained (passive viewing condition) but less activation of the
OFC in goal-directed attention situation. Activation of the amygdala has
been predominantly associated with explicit recognition, passive
viewing, and implicit processing of emotional faces in studies including
children and adolescents (see Wu et al., 2016). Compared with adults,
children and adolescents exhibit greater activation in paralimbic re-
gions and the amygdala and less activation of prefrontal regions, in-
cluding ventromedial PFC (Guyer et al., 2008; Hare et al., 2008;
Passarotti et al., 2009) to emotional faces. Nevertheless, results differ
depending of the emotional valence. For example, Thomas et al.
(2001a), (2001b) have reported that adults demonstrate greater
amygdala activation to fearful faces compared to neutral ones whereas
11-year-old children demonstrate the opposite pattern (Thomas et al.,
2001a, 2001b). In a recent study, children and adolescents aged 8–16
exhibited greater activation of amygdala to angry, fearful and neutral
faces as compared to happy faces (Marusak et al., 2013). Functional
investigation of amygdala in children is still needed as it is important
for understanding the maturation of emotional processing in the typi-
cally developing brain in order to further help understanding selective
vulnerability to affective disorders (Menon, 2013).

The main aim of the current study was to explore the effect of facial
expressions of emotions and its impact on interference control in late
school-age children, using a flanker-type of task. Considering that
children's cognition is particularly susceptible to interference from
competing information and actions (Bunge and Crone, 2009; Durston
et al., 2002; Kar et al., 2013), we hypothesized a negative impact of
emotional stimuli on interference control at both brain and behavior
level. The flanker task with faces stimuli (happy, angry and neutral)
was designed in a way that allowed us to manipulate the socio-emo-
tional effect (implicit emotional perception) independently of inter-
ference control (Kanske and Kotz, 2011b). Given that neutral faces were

reported to activate emotion-related areas such as the amygdala in late
school-age children and adolescents (Marusak et al., 2013; Thomas
et al., 2001a, 2001b), the current study included a fully neutral, non-
social and non-semantic stimulus (“scrambled”). This enabled in-
vestigating both brain regions related to a main effect of faces stimuli
and those related to a more specific effect of emotional valence. Despite
the fact that Stroop and flanker tasks seem well suited to study neural
correlates associated with developmental changes, whereas flanker
tasks are known to be sensitive tools, Stroop tasks have been questioned
(Huizinga et al., 2006; Mullane et al., 2009; Nigg, 2000). Angry faces
were preferred to fearful ones given the divergent literature regarding
fearful faces in children and adults. Moreover, angry is the opposite
emotion to happy and we wanted comparable emotions.

We expected the socio-emotional effect of faces and its impact on
interference control to be related to activation in regions such as the
ACC, OFC and amygdala (emotional conflict and emotional network).
Finally, we aimed to explore whether these regions, in particular
amygdala, and other regions from the PFC are associated with task
performances.

2. Methods

2.1. Sample

Thirty-five children aged 9–11 years recruited though local main-
stream primary schools took part to the study. Five children were ex-
cluded due to poor fMRI scan quality (n= 1), poor behavioral data due
to a lack of motivation (n=2), or motion greater than 1mm exceeding
a rate of 20% of the scans (n= 2), leaving 30 subjects (15 girls and 15
boys) available for analyses. Age at assessment ranged between 9.01
and 11.97 (M= 10.47; SD= 0.8) and the family's socioeconomic status
(SES) based on parental occupation and maternal education (Largo
et al., 1989) ranged between 2 (highest score) and 10 (12 being the
lowest score - M = 5.94; SD = 1.88). Children were assessed with the
Coloured Progressive Matrices (Raven et al., 1998) to estimate their
basic non-verbal intelligence (raw score: M = 30.97; SD = 2.99; all
participants’ percentile scores ≥ 50).

This study was approved by the ethical review board of Geneva
University. Written informed consent to take part in the study was
obtained from parents and oral consent from participants. They were
acknowledged of being free to withdraw from the procedure at any
time.

2.2. Testing procedure

Participants were individually assessed with a modified version of a
flanker task (Eriksen and Eriksen, 1974) using an event-related fMRI
paradigm. On each trial, they were presented an array of three pictures
consisting of a central picture (target stimulus) surrounded by two
pictures on either side of it (flankers). The three stimuli composing one
array were always of the identical identity and type: happy, angry,
neutral or scrambled. They were presented in black and white or in
color. The task contained two flanker conditions. In congruent condi-
tions (50%), the flankers appeared in the same color as the central
stimulus, while in incongruent conditions (50%), the flankers were in
the opposite color (i.e. if the central stimulus was in color, the flankers
were in black and white and inversely). Participants responded by using
the index and middle finger of their right hand to press either of two
buttons on a button box which rested in their lap, maintained by their
left hand. They were instructed to respond as quickly and accurately as
possible by pressing the left button if the central stimulus was in color
and the right button if it was in black and white, while ignoring the
flanking stimuli. The stimulus-response assignments were reversed for
half of the participants.

Faces stimuli consisted in photographs of happy, angry and neutral
facial expressions from 16 individuals (8 females and 8 males) selected
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from the NimStim Set of Facial Expressions available at www.macbrain.
org (Tottenham et al., 2009). Scrambled stimuli were made from the
same photographs by scrambling them such that faces were impossible
to recognize (see Fig. 1). The task consisted of 512 trials and was di-
vided in two identical runs composed of 256 trials each. Following
Fenske and Eastwood (2003), each run contained 32 repetitions of the
eight different types of trials (i.e. task conditions), defined by the fac-
torial combination of flankers (i.e. congruent or incongruent) and sti-
muli (i.e. happy, angry, neutral, or scrambled). Each photograph of one
individual was only presented once for each possible combination
(flanker condition x stimuli type x color vs black and white). Each run
lasted approximately 12min and was divided into four blocks, sepa-
rated by 10 s rest periods during which the word “pause” appeared on
the screen. Each trial started with a central cross (1000ms), followed by
the brief appearance of the array of three stimuli (200ms), and ended
with a blank response screen (1000ms). The appearance of the array of
stimuli was intentionally brief to ensure its processing is implicit. The
next trial was preceded by a jittered between-trials interval of 0, 250,
500, 750, or 1000ms (Goghari and MacDonald, 2008; Huyser et al.,
2011) (Fig. 1).

All children viewed the stimuli displayed on a white background on
the screen at the head of the scanner via a 45° angled mirror fixed to the
MRI head coil. Each stimulus measured 2.3 cm horizontally and 3.2 cm
vertically, subtended visual angles of 1.32° and 1.83° respectively. The
stimuli array measured 7.9 cm, subtending a visual angle of 4.5°. Prior
to scanning, a practice session of 12 trials was performed to ensure
familiarity with the task and was repeated if necessary. The Paradigm
programming, stimuli display and responses logging were done using E-
prime (Psychology Software Tools, Pittsburgh, PA, USA). The anato-
mical images were collected in the middle of the two identical runs of
the flanker task. This structural 6 min long scan allowed the partici-
pants to rest, watching a cartoon of their choice.

2.3. Data acquisition

Scanning was performed using a 3 T system with a 12-channel re-
ceiver head coil (Magnetom Tim-Trio, Siemens Medical Solutions,
Erlangen, Germany). For the functional scans, echo-planar imaging
(EPI) blood oxygenated level-dependent (BOLD) images were acquired
with the following parameters: time repetition [TR] =2500ms; echo
time [TE] =30ms; 42 axial slices; slice thickness = 3mm, no gap

between slices, flip angle = 90°, matrix size = 74×100, field of view
[FOV] =220mm. High resolution 3D anatomical images were also
collected for each participant using isotropic T1-weighted MPRAGE
sequence, with the following parameters: TR =2500ms; TE =2.91ms;
TI = 900ms; flip angle= 8°; voxel size = 1×1×1mm3 ; matrix size
= 256×96, FOV =256mm, 224 slices. Subject's head was im-
mobilized using foam pads inside the coil to minimize motion.

2.4. Data analyses

Behavioral data from the two identical runs were averaged for each
condition and analyzed using SPSS (version 19.0; SPSS Inc., USA) and
Statistica (version 12; StatSoft Inc., USA) softwares. Error rate and
mean reaction time (RT) related to correct responses were measured for
each participant and further correlated Pearson correlations were ran
between those measures and age, gender, SES, basic non-verbal in-
telligence and speed of processing. Repeated-measures ANOVAs were
then conducted in order to investigate the influence of the type of
flanker condition (interference effect) on performances, as well as the
influence of the type of stimulus (effect of faces and effect of emotion)
and the possible interaction between flanker condition and stimulus.

Imaging data were processed and analyzed using Matlab
(Mathworks, Natick, MA, USA Version 7.13) and SPM8 (Wellcome
Trust Center for Neuroimaging, London, UK: http://www.fil.ion.ucl.ac.
uk/spm/). Images were motion corrected using rigid-body realignment.
Regarding motion parameters, scans with motion greater than 1mm
(total displacement) were considered as corrupted scans. Estimated
motion parameters were examined on a subject-by-subject basis, and
subjects demonstrating a rate of motion-corrupted scans (> 1mm)
exceeding 20% were excluded. Image slices were acquired in des-
cending order and slice time correction was conducted with the use of
the middle slice as reference. T1-weighted anatomical images of each
individual were coregistered to the mean realigned functional image
and then segmented using diffeomorphic anatomical registration
through exponentiated lie algebra (Dartel) algorithm (Ashburner, 2007)
to generate a custom template from all the subjects included in the
present study. This template was subsequently used to normalize the
realigned fMRI images to the MNI standard space. The normalized
images were then spatially smoothed using an 8mm Gaussian filter.

A general linear model (Friston et al., 1994) was built using SPM8 to
analyze the data. Activity of interest comprised brain activity from the

Fig. 1. Time course of a trial.
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end of the stimuli presentation till the beginning of the response. The
event-related regressors related to the two runs were entered as two
sessions in one model. This design matrix consisted of the event onsets
of each condition (8) in each run, separated for correct responses and
errors, their time and dispersion derivatives, and head movement
parameters from realignment. For each subject, contrasts images re-
lated to correct responses were computed for each condition pooled
across the two runs. Second-level random effects were analyzed using
repeated measures analysis of variance (ANOVA). This model was si-
milar to the behavioral ANOVA model and tested the interaction be-
tween the socio-emotional effect of stimuli and the interference control
effect. We investigated a specific effect of emotional valence by con-
trasting happy and angry faces with each other and neutral faces.
Further contrasts were then performed in line with behavioral results.
First, to further investigate the socio-emotional effect, we contrasted
faces (happy+angry+neutral) with scrambled stimuli. Second, the
incongruent> congruent contrast was performed in general to in-
vestigate brain activity associated with interference. Third, we in-
vestigated the interference effect specific to faces by contrasting in-
congruent and congruent faces. Finally, the faces> scrambled contrast
was performed separately for congruent and incongruent trials to in-
vestigate the face effect in congruent or incongruent conditions. The
scrambled> faces contrast was performed separately for congruent and
incongruent trials as a simple matter of verification that our patterns of
activation were actually following behavioral results. Whole brain
analysis contrasts employed a statistical threshold of p < .05, cor-
rected for multiple comparisons (FWE-corrected), with a minimum
extent threshold of 5 contiguous voxels. Because the aim of the study
was to identify activity in a priori defined regions of interest, co-
ordinates reported for each region of interest were selected from the
literature on cerebral activity associated with the processing of facial
expressions of emotions and its interaction with interference control
(Etkin et al., 2006; Goldstein et al., 2007; Hare et al., 2005; Kanske and
Kotz, 2011b; Ochsner et al., 2008; Shafritz et al., 2006). In case of
multiple coordinates for a small region, a mean was calculated for the
same functional region (this was the case for the amygdala). Each co-
ordinate of interest was used as a center for a 10-mm radius sphere. The
selected coordinates included the left amygdala (−20, −2, −20), the

right amygdala (22, −8, −15), the ventral ACC (−10, 42, 1), dorsal
ACC (9, −3, 36), the posterior Medial Frontal Cortex (−9, 27, −18; 6,
22, −21), and the lateral PFC (−44, 18, 24; 45, 10, 32; −42, 40, 8). In
order to control for the effect of age on brain activation during the task
(unexpected given the narrow age range), we computed a second model
with age entered as a covariate. Per convention, we named “activa-
tions” all statistically significant differences in BOLD signal response
(Goldstein et al., 2007). Finally, to identify regions for which level of
activation across subjects was correlated with in-scanner behavioral
performance or age (as a second verification), Pearson linear correla-
tions were calculated using SPSS Version 19. Correlation analyses with
behavioral performances were restricted to several regions of interest
(PFC, ACC, and amygdala). In order to perform correlation analyses, we
extracted mean first eigenvariates from the significantly activated re-
gions of interest, using a 10mm diameter sphere at the peak statistical
value. All results are displayed in MNI space.

3. Results

3.1. Behavioral data

Overall, mean error rate was 11.5% (M = 11.5%, SD = 7.4) and
mean RT was 682.3 ms (M = 682.3ms, SD = 136.2). Most errors
consisted of incorrect responses rather than non-responses. Pearson
correlations between errors (number of errors) and RTs did not reveal
any speed-accuracy tradeoff (r= .095, p > .050). RTs did not correlate
with age, gender, SES, or basic non-verbal intelligence. Errors were
negatively associated to age (r=− .370; p= .042) only. A repeated
measures ANOVA performed on RT with a Greenhouse-Geisser correc-
tion showed an interference effect (RT incongruent (690.8 ms)> RTs
congruent (674.1 ms); F(1,29) = 6.39, p= .017, η2 = .181) and a sig-
nificant flanker by stimulus interaction (F(2,66) = 3.79, p= .023, η2

= .116; see Fig. 2). Average RT did not differ significantly between
stimuli, F(3,71) = 1.31, p= .279, η2 = .043. Planned contrasts re-
vealed an interference effect for happy (693.3 vs. 667.4ms; F(1,29)
= 7.24, p= .012), angry (694.0 vs. 672.6 ms; F(1,29) = 4.61,
p= .040), and neutral (690.3 vs. 662.5 ms; F(1,29) = 9.5, p= .005)
stimuli. Mean RT for faces differed from RT for scrambled stimuli in
congruent flanker condition (667.5 vs. 696.0 ms; F(1,29) = 5.62,
p= .025) only. We did not observe significant differences in other
conditions. Another repeated measures ANOVA performed on errors
with a Greenhouse-Geisser correction did not reveal a main effect of
interference (F(1,29) = 1.19, p= .285, η2 = .039. However, the
number of errors varied across stimuli (happy: 6.8; angry: 7.1; neutral:
6.9; scrambled: 8.6; F(3,80) = 5.64, p= .002, η2 = .163) and a sti-
mulus by flanker interaction (F(3,83) = 4.09, p= .010, η2 = .124) was
found. Planned contrasts indicated a higher mean number of errors for
scrambled (8.6) compared to face stimuli (6.9; F(1,29) = 12.21,
p= .002) and this effect was driven by congruent conditions only (4.6
vs. 3.2; F(1,29) = 32.27, p= .000004). However, given that errors
were shown to correlate with age, when controlling for age, the main
effect of stimuli on errors and the interaction between flanker and sti-
muli were not maintained. We did not observe significant differences in
other conditions.

3.2. Brain imaging data

3.2.1. Socio-emotional effect
Brain activity associated with emotional valence showed no sig-

nificant activations in the ROI analysis or whole-brain analysis. Based
on behavioral results, happy, angry and neutral stimuli were averaged
together as “faces” in order to be compared to scrambled stimuli. When
investigating the effect of faces in general, ROI analysis has shown
significant activation of the left and right amygdala as well as the
ventral ACC (see Table 1). Additional regions, more specifically the left
fusiform gyrus and the right inferior occipital gyrus, were observed in

Fig. 2. Flanker condition by stimulus interaction. The difference of mean re-
action times (ms) between congruent and incongruent conditions was sig-
nificant in all faces (happy, angry, and neutral, showing an interference effect,
but was not significant in scrambled stimuli. * significant at p < .05; ** sig-
nificant at p < .01.
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the whole-brain analysis (see Table 2 and Fig. 3). For the opposite ef-
fect, contrasting scrambled versus faces, we observed activation of the
lateral PFC in the ROI analysis and an additional activation of the left
fusiform gyrus in the whole-brain analysis.

3.2.2. Interference x face interaction
We observed no significant activations associated with the interac-

tion of interference and faces (incongruent versus congruent x faces
versus scrambled) in both the ROI and whole-brain analysis. Additional
contrasts were performed based on the main behavioral results revealed
by planned contrasts. First, the effect of interference was investigated
by contrasting incongruent to congruent conditions. No significant

activations were observed in the ‘incongruent versus congruent’ con-
trast for both the ROI and whole-brain analysis. Similarly, there were
no significant activations for the ‘incongruent faces versus congruent
faces’ contrast. Second, the face effect in congruent conditions, con-
trasting faces congruent to scrambled congruent, was associated with
activation of the ventral ACC, and right and left amygdalae (Table 1) in
the ROI analysis and showed additional activation of the right inferior
occipital gyrus in the whole-brain analysis (Fig. 4). The face effect in
incongruent conditions, contrasting faces incongruent to scrambled
incongruent, did not show activation in our regions of interest, but was
associated with activation in the right inferior occipital and fusiform
gyri in the whole-brain analysis. No significant activations related to

Table 1
Activations revealed by the ROI analysis.

Brain region Hem Peak MNI coord. (x, y, z) t(peak voxel) Cluster size

Faces> Scrambled
Amygdala** R 18 −15 −15 4.81 14

L −18 −6 −15 4.17 19
ventral Anterior Cingulate Cortex * −6 42 −9 3.82 5

Scrambled>Faces
Lateral Prefrontal Cortex* L −39 39 15 3.77 6

Faces congruent> Scrambled congruent
Amygdala** R 18 −15 −15 4.58 19

L −18 −6 −15 4.67 24
ventral Anterior Cingulate Cortex * −3 42 −6 3.63 7

Note. Activation related to correct responses. *ROIs are significant at p < .05, corrected for multiple comparisons at peak and cluster level (FWE-corrected) over
small VOI. **ROIs are significant at p < .01, corrected for multiple comparisons at peak and cluster level (FWE-corrected) over small VOI. Hem=hemisphere. Faces
= happy + angry + neutral stimuli averaged together.

Table 2
Activations revealed by the whole-brain analysis.

Brain region Hem Peak MNI coord. (x, y, z) t(peak voxel) Cluster level BA

Faces> Scrambled
Inferior Occipital Gyrus*** R 45 −81 −9 9.78 175 19
Fusiform Gyrus** L −39 −48 −24 5.52 8 37

Scrambled>Faces
Fusiform Gyrus** L −27 −54 −15 6.67 19 37

Faces congruent> Scrambled congruent
Inferior Occipital Gyrus*** L 45 −81 −9 6.65 80 19

Faces incongruent> Scrambled incongruent
Inferior Occipital Gyrus*** R 45 −81 −6 7.04 31 19
Fusiform Gyrus*** R 39 −51 −18 6.46 34 37

Scrambled incongruent>Faces incongruent
Fusiform Gyrus*** L −27 −54 −15 5.64 13 37

Note. Activation related to correct responses. **ROIs are significant at p < .01, corrected for multiple comparisons at peak and cluster level (FWE-corrected) over
small VOI. ***ROIs are significant at p < .001, corrected for multiple comparisons at peak and cluster level (FWE-corrected) over small VOI. Hem=hemisphere. BA
= (nearest) Broadmann Area. Faces = happy + angry + neutral stimuli averaged together.

Fig. 3. Brain activity associated with socio-emotional effect of face perception. Activation related to faces vs. scrambled trials, displayed on 3-dimensional re-
constructed brain images displayed at p < .001, uncorrected with a minimum cluster size of 30 voxels. The color bar represents the T score. Faces =happy + angry
+ neutral stimuli averaged together.

M. Réveillon et al. Neuropsychologia xxx (xxxx) xxx–xxx

5



the ‘scrambled congruent> faces congruent’ contrast were observed.
Whole-brain analysis showed activation related to the ‘scrambled in-
congruent> faces incongruent’ contrast in the left fusiform gyrus
(Table 2), but no regions of interest were observed in the ROI analysis
for this contrast.

Given previous developmental and functional inconsistency re-
garding amygdala activation (e.g. Guyer et al., 2008; Hare et al., 2008;
Thomas et al., 2001a, 2001b; Yurgelun-Todd and Killgore, 2006), re-
lations between activation in amygdala and behavioral performances
were further explored. Activation in the left amygdala (MNI co-
ordinates: −18, −6, −15) was negatively correlated with RT for cor-
rect responses for congruent faces (r=−.380, p < .05; see Fig. 4). We
observed no other significant correlations.

3.2.3. Age effect
Based on behavioral results, the exact same statistical model was

repeated with age entered as a covariate. No change was observed;
activation associated with each contrast remained exactly as previously
described. In order to confirm this result and verify that age was not
related to brain activation during the task, correlation analyses between
age and brain regions that were mainly activated for each contrast were
performed. None of these regions correlated significantly or even
marginally significantly with age.

4. Discussion

The aim of the present study was to examine neural mechanisms
underlying the perception of facial expressions of emotions and its in-
teraction with interference control in school age children. We designed
a flanker-type of task associated with an event-related fMRI paradigm
which allowed us to manipulate the socio-emotional effect in-
dependently of interference control.

4.1. Socio-emotional effect of face perception

Results related to the stimuli converged towards a main effect of
faces, but unlike previous studies (Marusak et al., 2013; Thomas et al.,

2001a), no specific effects of emotional valence were observed. Beha-
vioral results showed that children made fewer errors in faces compared
to scrambled trials. Brain results revealed activation in the socio-emo-
tional brain network (Leppanen and Nelson, 2009; Vuilleumier, 2005),
including both activation in (1) the lateral fusiform and inferior occi-
pital gyri, regions of the main face network (Stiles et al., 2013) and (2)
the ventral ACC, left and right amygdala, regions typically activated in
the perception of emotions in children and adolescents (Guyer et al.,
2008; Hare et al., 2008; Monk et al., 2003; Passarotti et al., 2009).
Moreover, when scrambled were compared to faces, activation was
observed only in the left fusiform gyrus and in the dorsolateral PFC.
Altogether, these activation are in agreement with previous research
showing that compared with adults, children and adolescents exhibit
greater activation in paralimbic regions and the amygdala and less
activation of prefrontal regions, (Guyer et al., 2008; Hare et al., 2008;
Passarotti et al., 2009) to emotional faces. Additionally, when faces
were compared to scrambled stimuli, this activation of ACC and
amygdala was observed for all faces stimuli and was not stronger for
angry or happy compared to one another or to neutral stimuli, sug-
gesting no difference between the different emotional contents of faces.
In a study by Vrticka et al. (2012), similar amygdala activation was
observed for social positive and negative images, such as two people
fighting or a mother interacting with her baby, and a difference in
valence was only reported for non-social images including animals,
landscapes or objects. Accordingly, Fitzgerald et al. (2006) tested a
group of 20 adults and found activation of the left amygdala across six
different emotional expressions, including happy, angry and neutral
faces. Thomas et al. (2001a, 2001b) have reported that both late school
age children and adults activated amygdala in front of fearful and
neutral faces but, whereas adults showed stronger activation for fearful
compared to neutral faces, the opposite pattern was observed in chil-
dren. They proposed that a neutral facial expression does not yet re-
present a signal of neutrality in children, and instead produces activa-
tion consistent with continued attempts to decode or interpret
emotional signals. Altogether, regarding our present results, we could
suggest that faces by themselves, as socio-emotional stimuli, are af-
fectively relevant to children (Fig. 3)

Fig. 4. Correlations between regions of interest and behavioral performances. Activation related to faces vs. scrambled trials in congruent conditions.
Regression slopes are displayed. Left amygdala was negatively associated with reaction time (RT) for faces in correct responses for congruent conditions. The color
bar represents the T score.
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4.2. Interaction between socio-emotional stimuli and interference control

Regarding the interaction between faces perception and inter-
ference control, firstly, in line with behavioral results, imaging results
showed that activation related to the socio-emotional effect of faces
compared with scrambled stimuli was more pronounced in congruent
trials. Activity was observed in similar regions than the general
faces> scrambled contrast (socio-emotional brain network), including
emotion-related regions such as amygdala and ventral ACC whereas in
incongruent trials, activation was observed in the right fusiform & in-
ferior occipital gyri only. Moreover, greater activation of the left
amygdala correlated respectively with faster RTs in faces congruent
trials but not in faces incongruent trials (Fig. 4). Secondly, behavioral
results showed that the interference effect was larger for faces com-
pared with scrambled stimuli and this was due to facilitated RTs for
faces compared to scrambled stimuli in congruent trials but not to
longer RTs in incongruent trials. This scenario has been observed in
previous studies which compared negative and neutral stimuli (e.g.
Cohen et al., 2012; Dennis et al., 2008; Kar et al., 2013) but has led to
different interpretations regarding the improvement or impairment of
interference control (for an opinion, see Cohen and Henik, 2012).
Cohen and Henik interpreted this as an attenuation of the emotional
effect during conflict situations; they proposed that findings of a null
emotional effect in incongruent targets may result from top-down
regulatory mechanisms that inhibit the effect of emotion. It has been
suggested that this top-down modulation of emotional information is
related to the connections from the PFC to subcortical regions, such as a
negative correlation between activation in the amygdala and in the PFC
(Hare et al., 2008; Nigg et al., 2010). Moreover, a developmental shift
from positive to negative correlation has been recently described in the
functional connectivity between amygdala and ACC/medial PFC, in-
dependently of the emotional expression of the faces processed (Wu
et al., 2016). Etkin et al. (2006) reported that activity in the amygdala
reflects the degree of emotional conflict, regardless of the emotional
positive or negative valence. They suggested that the resolution of
emotional conflict is associated with activity in the rostral ACC which
leads to a simultaneous correlated reduction of activity in the amyg-
dala, in incongruent trials. Following the idea of an attenuation of the
emotional effect in conflicting conditions, results of the current study
did not show amygdala activation during the face effect in incongruent
conditions and during the interference effect in an emotional context.
This idea should be more specifically investigated in further research,
with an emphasis on the top-down connections between the ventral PFC
and amygdala. Hare et al. (2008) have reported that as high emotional
reactivity might increase the need for top-down control, individuals
with less control could be at greater risk for poor outcomes. These
findings could therefore be of interest for further clinical studies with
children and adolescents susceptible to emotional and/or cognitive
control difficulties, such as for example those born preterm (Anderson
and Doyle, 2008; Johnson and Wolke, 2013), with attention deficit and
hyperactivity or conduct disorders (Cadesky et al., 2000; Da Fonseca
et al., 2009), and with depression or anxiety disorders (Dalgleish et al.,
2003; Thomas et al., 2001a).

4.3. Strengths and limitations

The design of the task used in the present study, with the implicit
impact of emotion, allowed to evaluate the impact of emotion and in-
terference control separately. Indeed, in some previous studies with
adults, emotions were part of the interference conflict (Etkin et al.,
2006; Ochsner et al., 2008), which prevented from differentiating ac-
tivation related to emotional conflict from activation related to a main
emotional effect. However, the present study lacks functional con-
nectivity analyses to support inferences such as the relation between
the ventral PFC and amygdala. Furthermore, based on the study by
Etkin and colleagues (2006) who found greater amygdala activation in

low compared to high conflict resolution, a perspective of research
could be to separate between the types of conflict trials. A strength of
this study is that in addition to a face with neutral expression, our task
comprised a real neutral condition (scrambled face) which could not be
semantically interpreted. However scrambled stimuli were only 25% of
all stimuli and the rest of them were all faces, which could have in-
troduced a “rarity effect” and therefore impacted RT. Further research
could compare children and adults with a similar task to verify that
activation observed in the present study is children- and not task-re-
lated.

4.4. Conclusions

The present study aimed to explore neural functional correlates of
the effect of facial expressions of emotions and its impact on inter-
ference control in late school-age children. Altogether, our results
showed an emotional effect of faces compared with scrambled stimuli,
no specific impact of emotional valence. Behavioral results evidenced
an interference effect in face stimuli, expressed by faster RTs in con-
gruent conditions. Brain results showed increased activity in the ventral
ACC and the right and left amygdala in congruent trials only. Moreover,
the faster RTs were associated with increased amygdala activity. It
seems that in children ages 9–11, activity in the amygdala underlies the
socio-emotional effect that faces induce but not emotional conflict.
Studying brain regions involved in emotion regulation and its interac-
tion with cognitive control in late childhood is important to further help
with understanding neurodevelopmental disorders.
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