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Abstract

Social information processing is a critical mechanism underlying children’s socio-emotional
development. Central to this process are patterns of activation associated with one of our most
salient socioemotional cues, the face. In this study, we obtained fMRI activation and high-density
ERP source data evoked by parallel face dot-probe tasks from 9-to-12-year-old children. We then
integrated the two modalities of data to explore the neural spatial-temporal dynamics of children’s
face processing. Our results showed that the tomography of the ERP sources broadly corresponded
with the fMRI activation evoked by the same facial stimuli. Further, we combined complementary
information from fMRI and ERP by defining fMRI activation as functional ROIs and applying
them to the ERP source data. Indices of ERP source activity were extracted from these ROIs at
three a priorf ERP peak latencies critical for face processing. We found distinct temporal patterns
among the three time points across ROIs. The observed spatial-temporal profiles converge with a
dual-system neural network model for face processing: a core system (including the occipito-
temporal and parietal ROIs) supports the early visual analysis of facial features, and an extended
system (including the paracentral, limbic, and prefrontal ROIs) processes the socio-emotional
meaning gleaned and relayed by the core system. Our results for the first time illustrate the spatial
validity of high-density source localization of ERP dot-probe data in children. By directly
combining the two modalities of data, our findings provide a novel approach to understanding the
spatial-temporal dynamics of face processing. This approach can be applied in future research to
investigate different research questions in various study populations.
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Introduction

Individual variation in processing socioemotional information (e.g., facial expressions) is a
critical contributor to both typical and atypical socioemotional development in children
(MacLeod et al., 1986). Experimental data and clinical insights both suggest that biases that
enhance attention to social cues, such as angry faces, may exacerbate risk for
psychopathology (particularly anxiety) and maintain clinical states (Britton et al., 2012;
Pérez-Edgar et al., 2010; Pérez-Edgar et al., 2014; White et al., 2009). This study
investigated the neural circuitry associated with the processing of threatening and neutral
faces as presented in a standard attention paradigm. Specifically, we integrated event-related
potential (ERP) and functional magnetic resonance imaging (fMRI) data collected from
parallel dot-probe tasks in a sample of 9—12-year-old children. By using high-density ERP
source localization techniques, we examined the spatial correspondence between the ERP
source activity and fMRI activation evoked by the same faces. Further, by integrating the
temporal information from the ERP data and the spatial information contributed by the fMRI
data, we were able to better depict the spatial-temporal characteristics of face processing in
school-age children. Coupling the spatial distribution and chronometry of processing may
help us better understand the neural underpinnings of face-related processing, which is
important for discerning typical developmental mechanisms and identifying individual
variation that may relate to psychopathology.

The dot-probe paradigm has been typically used to measure attention processing biases,
especially related to threat, in both children (Bar-Haim et al., 2007; Britton et al., 2012; Liu
etal., 2018; Monk et al., 2006; Monk et al., 2008; Price et al., 2014; Telzer et al., 2008) and
adults (Fani et al., 2012; Hardee et al., 2013; Mogg and Bradley, 1999). In this paradigm,
each trial presents a pair of faces (threat-neutral or neutral-neutral) followed by an arrow-
probe replacing one of the faces. The participant identifies the direction of the arrow as
quickly and as accurately as possible via a button press. The processing bias is quantified by
subtracting reaction times (RTs) in response to probes replacing the threat face (congruent
trials) from RTSs to probes replacing the neutral face (incongruent trials) in threat-neutral
face pairs. This paradigm is also commonly combined with neuroscience approaches, such
as ERP and fMRI, to provide biomarkers of threat-related processes (Britton et al., 2012;
Monk et al., 2006, 2008; Price et al., 2014; Fu et al., 2017; Hardee et al., 2013; Liu et al.,
2018; Thai et al., 2016). Indeed, biomarkers of attentional processing biases have proven to
be more reliable psycho-metrically, and are better predictors of risk, than the initial RT-based
bias measures (Brown et al., 2014; White et al., 2016).

ERP/EEG and fMRI studies are typically carried out in parallel within the developmental
neuroscience literature, with limited attempts to integrate data from the two units of analysis.
Two studies have compared ERP source localization and fMRI activation data modulated by
the same task, examining children’s early reading acquisition (Brem et al., 2009, 2010) and
semantic processing (Schulz et al., 2008). Both studies reported significant spatial
convergence between ERP and fMRI data. In addition, individual structural MRI images
have been combined with EEG/ERP source localization data to construct individual-specific
head models for more precise localization in children, adolescents, and adults (Bathelt et al.,
2014; Buzzell et al., 2017; Ortiz-Mantilla et al., 2011). In a similar vein, source localization
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of resting-state EEG data has been combined with resting-state fMRI in epileptic children to
locate the neural generators of epileptic spikes (Elshoff et al., 2012; Groening et al., 2009).
To our knowledge, however, no study has taken the approach of combining ERP and fMRI
to explore the neural correlates of face processing in children. By taking advantage of the
high temporal resolution of ERP and'the refined spatial characterization from fMRI, this
novel approach could significantly advance our understanding of the neural mechanisms
underlying children’s emotion-related processing.

In the dot-probe literature, several studies have used Low Resolution Electromagnetic
Tomography to conduct source localization for task-generated ERP data from adults. One
study found that the early visual components, C1, evoked by the face-pair (~90 ms post-
stimulus), and P1, evoked by the face-pair or the probe (~130 ms), were localized within the
striate and extrastriate visual cortices, respectively (Pourtois et al., 2004). Another study
(Mueller et al., 2009) found that an enhanced P1 elicited by angry-neutral versus happy-
neutral faces possibly originated from the right fusiform gyrus in anxious adults. Finally, a
P1, which was larger when evoked by probes replacing neutral faces (incongruent) versus
angry faces (congruent), originated from the anterior cingulate cortex (ACC; Santesso et al.,
2008). These results are compatible with fMRI findings in dot-probe studies, noting that
ACC activation or ACC-related connectivity were reported in the incongruent versus
congruent condition in adults (Carlson et al., 2009) and youth (Fu et al., 2017; Price et al.,
2014).

However, none of the current ERP source localization findings have been directly compared
and integrated with fMRI activation evoked by the same paradigm. In addition, we do not
know if localization patterns differ in children, even with the same task parameters used in
adult studies. This is critical, as both attentional biases in processing socio-emotional
information and anxiety symptoms typically first emerge in childhood (Dudeney et al., 2015;
Kessler et al., 2005). Therefore, it is important to directly integrate ERP and fMRI data from
a parallel dot-probe paradigm in the same sample to specify the spatial-temporal dynamics
of children’s processing of emotional faces.

Studies linking fMRI to EEG/ERP are also important from a methodological perspective.
ERP/EEG studies are more economical than fMRI research and much easier to implement in
children, especially when studying task-modulated processes (Pérez-Edgar and Bar-Haim,
2010). Localizing the neural generators of high-density ERP data might provide a feasible
alternative to fMRI when attempting to characterize the spatial dimension of neural
functions. However, we must first establish the spatial validity of ERP source localization by
examining convergence with the spatial distribution indicated by fMRI data. The question of
method convergence has become more salient with the advent of the National Institute on
Mental Health’s (NIMH) Research Domain Criteria (RDoC) initiative (Insel et al., 2010;
Cuthbert and Kozak, 2013), which seeks to examine psychological constructs across
multiple units of analysis (e.g., behavioural, neural, physiological, genetic, molecular). This
work requires that we verify the coincidence (or lack thereof) of measures generated across
units of analysis.
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Consistent with the RDoC initiative, and building on the developmental neuroscience
literature, this study has three research goals:

First, we examine the spatial correspondence between high-density ERP source localization
and fMRI activation, by comparing the two units of data modulated by a parallel dot-probe
paradigm from a sample of 9- to 12-year-old children.

Second, we aim to demonstrate the neural correlates of children’s face processing by
synthesizing the spatial information from the fMRI data with temporal information from the
ERP data. In particular, we initially defined fMRI activation evoked by the faces as
functional ROIs. These ROIs were then applied to the source localization data time-locked to
three a priorf ERP peaks (i.e., time points) elicited by the same faces. We were then able to
examine any differences in temporal dynamic patterns of activation between the three time
points within each functional ROI.

Third, this study will provide a foundation for implementing a simultaneous ERP-fMRI
approach in children, a more advanced tool for future research. Simultaneous data collection
may help us better understand the spatial-temporal characteristics of the neural
underpinnings of face processing and other psychological processes.

There is limited existing data on ERP-fMRI convergence with the dot-probe task in children.
As such, this is an initial exploratory examination of convergence patterns. Nonetheless,
given the previous ERP source localization findings in the adult dot-probe data (Pourtois et
al., 2004; Santesso et al., 2009) and its compatibility with other fMRI dot-probe data, we
expected good correspondence between the ERP sources and fMRI activation modulated by
the dot-probe paradigm. Moreover, a previous MEG study exploring adults’ facial
expression processing (Sato et al., 2015) found that the source of their MEG signals
achieved maximum activity 150-200 ms after the face onset, in areas involving the middle
temporal visual area, fusiform gyrus, and superior temporal sulcus. In contrast, maximum
activity in the later window of 300-350 ms was observed in the inferior frontal areas. Based
on these data, we expected that the temporal dynamic patterns characterized by the ERP
source activity in children might also differ across functional ROIs defined by the fMRI
activation. For instance, ERP source activity might achieve its initial maximum in the
posterior, visual-sensory regions first, followed by later activation in the anterior, frontal
regions.

Material and methods

Participants

Participants were a cohort of 118 9-12-year-old children (Mage = 10.98, SD = 1.04, 58 male)
drawn from a larger attentional bias modification (ABM) training project examining the
relations between temperament, ABM, and anxiety (Liu et al., 2018).1 All participants were
recruited from the area surrounding State College, PA. The present study incorporated the

Lchildren in the larger study were characterized for the temperamental trait of behavioural inhibition (BI), ranging across the full Bl
spectrum from low to high. The current findings did not vary as a function of BI.
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baseline/pre-training data from the larger project. From this sample, 74 participants with
useable dot-probe ERP data were selected for the source localization analysis (selection
criteria specified below). For the dot-probe fMRI data, children with head motion exceeding
3 mm or behavioural accuracy <75% were excluded from analysis. Eventually, 99 children
contributed useable fMRI data collected from two fMRI scanners (specified below). Fifty-
four children provided data to both the ERP and fMRI sub-groups. This study was approved
by the Institutional Review Board at The Pennsylvania State University. Prior to
participation, written informed consent and assent were acquired from the participants and
their parents. Portions of these data were previously published in studies examining the
fMRI (Fu et al., 2017; Liu et al., 2018) and ERP (Thai et al., 2016) correlates of attentional
bias to threat faces. Table 1 presents demographic information of the total sample, the ERP
sub-group, the fMRI sub-group, and the overlap between the two.

2.2. The emotion face dot-probe paradigm

We used the standard dot-probe toolkit developed by the Tel Aviv University/NIMH ABMT
Initiative for both the ERP and the fMRI tasks (Abend et al., 2012). Identical face stimuli
were used in the two versions of tasks, including 20 colored face pictures of 10 adults (5
female, 5 male; 1 angry and 1 neutral face per actor; NimStim face set, Tottenham et al.,
2009). Fig. 1 depicts the trial procedure for the dot-probe paradigm. In both the ERP and
fMRI tasks, trials started with a 500 ms fixation cross, followed by a pair of identity-
matched faces (angry-neutral or neutral-neutral), vertically displayed for 500 ms. The face
pair was then replaced by an arrow-probe presented in the location of either face (500 ms for
ERP, 1000 ms for fMRI). An inter-trial interval (1T1) of 1500 ms for ERP, or varying 250—
750 ms for fMRI (to create jittered intervals; average 500 ms), was inserted in between
trials.

As shown in Fig. 1, both tasks incorporated three experimental conditions: (1) congruent
angry-neutral trials where the angry-neutral face pair was followed by an arrow replacing the
angry face; (2) incongruent trials where the angry-neutral face pair was replaced by the
probe replacing the neutral face; (3) neutral-neutral trials with the probe presented in either
location. The ERP task was composed of 180 trials, divided into 3 blocks with 60 trials each
(20 congruent angry-neutral + 20 incongruent angry-neutral +20 neutral-neutral). The fMRI
task included 320 trials in total, divided into 2 blocks with 160 trials each (40 congruent
angry-neutral + 40 incongruent angry-neutral + 40 neutral-neutral + 40 blank filler trials).
Children were instructed to indicate whether the arrow pointed to left or right by pressing
one of two buttons as accurately and as quickly as possible. Angry-face location, arrow-
probe location, arrow-probe direction, and face identities were counterbalanced across
participants. For both the ERP and fMRI data collection, the task was administered using the
E-Prime software version 2.0 (Psychology Software Tools, Pittsburgh, PA).

Typically, the participants completed the ERP and fMRI versions of the task on the same
day, with the fMRI task always preceding the ERP task. Due to scheduling concerns, 5
participants completed the two tasks on different days. Two children completed fMRI before
ERP (interval = 1 and 21 days, respectively), and 3 children completed ERP before
fMRI(interval = 35, 37, and 53 days, re’spectively).2
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2.3. fMRI data acquisition, processing, and analysis

A scanner upgrade occurred during our data collection. As such, fMRI data were collected
on a 3T Siemens Trio (pre-upgrade) and 3T Siemens Prisma Fit (post-upgrade; Siemens
Medical Solutions, Erlangen, Germany), using the identical scanning protocol: T2-weighted
EPI, 3 x 3 x 3 mm voxel, 15°above AC-PC, TR = 2500 ms, TE 25 ms, flip angle = 80°, FoV
=192 mm, 64 x 64 matrix; T1-weighted MP-RAGE, 1 x 1 x 1. mm voxel, TR=1700 ms
TE=2.01,flip angle 9°, FoV=256 mm, 256 x 256 matrix.

The fMRI data were preprocessed and analyzed using the FreeSurfer Functional Analysis
Stream Tool (FsFast; The Martinos Center for Biomedical Imaging, Boston). The
preprocessing of fMRI data for each participant included 1) co-registration to the structural
images, 2) motion correction by realigning to the first volume of each session, 3) slice-
timing correction, 4) spatial smoothing by a 6 mm isotropic Gaussian kernel, and 5)
normalization to the MINI305 space. Each individuals’ brain images were then inflated and
reconstructed by the cortical surface model based on the FreeSurfer average brain template
(FSAverage, Fischl et al., 1999). The preprocessed fMRI data were subjected to general
linear model (GLM) using the surface-based stream. As the purpose of fMRI analysis was to
provide the most robust assessment of face processing dynamics available, we collapsed
functional data across the 3 experimental conditions (congruent angry-neutral + incongruent
angry-neutral + neutral-neutral) and focused on the contrast of Faces > Baseline (blank filler
trials + ITI). Regressors for invalid trials (with missing, inaccurate, or outlier responses) and
the 6 motion parameters (X, y, z for rigid body rotation and translation) were also included in
the model.

Our goal was to inform and complement ERP source localization data by incorporating
fMRI data to provide spatial information of neural activity from the same sample of
children. Thus, we incorporated areas activated in either scanner as valid functional ROIs.
For the group-level analysis, a whole-brain one-sample #test was performed on data from
each scanner, separately, to determine regions significantly activated in response to the Faces
> Baseline contrast. In order to obtain larger functional ROIs to obtain sufficient information
regarding ERP source dipoles, we used a relatively more liberal thresholding and correction
criteria. Data were first thresholded at whole brain, voxel-wise level for uncorrected p < .05.
Next, a cluster-wise correction, p < .05, was applied to correct for multiple comparisons
(Hagler et al., 2006). The conjunct areas of significant activation across the two scanners
were defined as functional ROIs in the surface space of the FSAverage template.

2.4. ERP data acquisition and processing

During the ERP dot-probe task, participants’ electroencephalogram (EEG) activity was
recorded continuously using a 128-channel geodesic sensor net (Electrical Geodesics Inc.,
Eugene, Oregon). An analog filter of 6000 Hz and sampling rate of 1000 Hz were applied to
the EEG signals. The signals were referenced to Cz and grounded at PCz. Vertical

270 test if the participants’ behavioural performance was comparable between the ERP and fMRI tasks, we ran a paired sample #test
comparing the behavioural accuracy and the response time (RT)-based attentional bias score (RT of incongruent trials — RT of
congruent trials) in the 54 subjects with useable data for both the ERP and fMRI tasks. There were no significant differences (o’s > .
10).
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electrooculography was calculated from four electrodes placed ~1 cm above and below each
eye (right = channel 8 - channel 126, left =channel 25 -channel 127). Horizontal
electrooculography was calculated by subtracting two electrodes from each other placed ~1
cm at the outer canthi of each eye (channel 43 - channel 120). Impedances were kept below
50 kQ. The raw EEG data were preprocessed by Brain Vision Analyzer (Brain Products
GmbH, Germany). The data were first filtered (0.1-40 Hz), followed by visual identification
and interpolation of extremely bad channels (Mean number of bad channels =3.2, SD =2.8,
Min =0, Max = 12). Ocular artifacts were corrected using the= ICA decomposition method.
Specifically, 128 independent components were generated, among which two ocular artifact
components (one vertical, one horizontal) were located by visual inspection and removed
from the EEG signals. The data were then re-referenced to the average across all channels
and epoched from 200 ms pre the onset of the faces to 500 ms post-face-onset, with 200 ms
pre-onset baseline correction. Segmented trials with invalid behavioural responses (incorrect
or missing responses, irregular RTs exceeding the window of 150-2000 ms, or £2SD of the
individual’s mean RT) or artifact exceeding £100 PV were excluded. Across subjects,
approximately 40% of the excluded trials (SD = 29%) were due to invalid behavioural
responses and 60% were due to ERP noise.

2.5. ERP source localization analysis

In order to achieve sufficient power (i.e., number of valid trials) to conduct the source
localization analysis, the artifact-free ERPs were aggregated across all three experimental
conditions and time-locked to the onset of all faces for each participant. This is also in line
with our previous work (Thai et al., 2016), which found no difference between angry-neutral
and neutral-neutral faces in dot-probe elicited ERPs. Participants with at least 30 valid trials
across the three conditions were considered for the subsequent source localization analysis.

Next, we selected three time points within the 500 ms ERP segment for source localization,
based on our recent ERP findings from the same dot-probe paradigm (Thai et al., 2016). The
five ERP components included early visual processing indices P1 and N1, the face-specific
N170, the attention-related P2, and the later, more cognitively tinged, N2. As illustrated in
Fig. 2a, the P1 (over the occipital electrodes) and N1 (over the fronto-central electrodes)
components were quantified within the 40-140 ms and 60-140 ms time windows,
respectively, with similar peak latencies around 110 ms. N170 (occipital) and P2 (fronto-
central) were quantified within the 140-240 ms and 120-220 ms windows, with close peak
latencies around 180 ms. N2 was derived from the 260-360 ms time window and peaked at
approximately 320 ms. In the current study, we took these components as a priori
psychophysiological markers of face processing, and selected #ree time points that
corresponded to the peak latencies of these components to localize their source activities:
Peak 1 for the N1/P1 complex (Mean= 111 ms, SD = 12), Peak 2 for the P2/N170 complex
(Mean = 182 ms,SD=13), and Peak 3 for N2 (Mean = 317 ms, SD = 15). We then conducted
the source localization analysis at these three peaks. Of the 74 children with useable ERP
data (Mean number of trials = 109.9, SD = 35.3, Min = 31,Max = 170), 54 showed visible
peaks at the three time points (Mean number of trials = 107.8, SD = 36.5,Min = 31, Max =
170). For these children, we individual peak latencies to localize each participant’s ERP
sources. For the other 20 children without all three visible peaks (Mean number of trials =
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115.5, SD = 32.3, Min = 45 Max = 158), the averaged latencies across participants(111 ms,
182 ms, and 317 ms) were used for missing peaks. Fig. 2b presents the ERP waveforms
time-locked to all faces at the 128 channels of an example participant.

We conducted the ERP source localization analysis using the Minimum Norm Estimate
(MNE) package (Gramfort et al., 2013, 2014). To achieve greater accuracy, we adopted age
appropriate MRI templates with averaged locations of the 128 channels to build the forward
head model (Richards et al., 2016; Sanchez et al., 2012). Given the age range of our
participants (9.16-12.93 years), nine age-appropriate MRI templates were used (ages 9, 9.5,
10, 10.5, 11, 11.5, 12, 12.5, and 13). For each participant, the template of the closest age was
applied with the 128 locations registered to the corresponding voxels in this individual’s
structural MR images, based on which the boundary element head model (BEM) of the three
compartments (skin, skull, brain, 5120 triangles) was generated by using the MNE
watershed tool.

Next, the dynamic Statistical Parametric Mapping (dSPM) method was applied to all
participants to reconstruct the source activities of ERP responses at the three a priori time
points (i.e., the peak latencies of N1/P1, P2/N170, and N2) on a 2D surface (Bai et al., 2007;
Dale et al., 2000). Finally, we averaged the reconstructed source distributions across
participants and superimposed them on the FSAverage brain template for illustration
purposes.

Integration of the fMRI and ERP data

Following the ERP source localization, we directly integrated the spatial information from
the fMRI data into the ERP source data. As stated above, conjunct fMRI activation for the
Faces > Baseline contrast across the two scanners was defined as functional ROls. To reduce
the number of ROIs, we further grouped these functionally activated regions across
hemispheres according to the six gross anatomical regions defined by the Destrieux atlas in
FreeSurfer: occipito-temporal, parietal, para-central, limbic (including the cingulate cortex),
insula, and prefrontal (Fig. 5b; Desikan et al., 2006). These functionally-defined,
anatomically-grouped ROIs were then applied to the ERP source data, with the indices of
source activity (i.e., averaged dSPM values) extracted for each of the three a priori time
points from each ROI. Last, the extracted dSPM values were subjected to a linear mixed-
effect model in SPSS (SPSS Inc., Chicago, IL), with Peak, ROI, and the Peak x ROI
interaction as fixed-effect factors, and subject as the random-effect factor. As a repeated-
measures design was involved here, which might incur correlated residuals within each
subject, we included a first-order autoregressive covariance matrix in the mixed model to
promote model fit (Peugh and Enders, 2005). For the purpose of the current study, we
focused on probing the Peak x ROI interaction to see if the temporal evolving patterns
between the three time points differ across ROIs.

3. Results

The supplement presents parallel analyses with (a) participants displaying clear peaks for all
three ERP components and (b) participants with useable data for both the ERP and fMRI
versions of the dot-probe task.
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3.1. fMRI activation in response to the faces in the dot-probe task

Brain regions showing significant BOLD activation in response to Faces > Baseline are
presented in Table 2 and Fig. 3. A distributed face-processing network was activated across
the broad occipital, temporal, and parietal regions, as well as clusters in the central and
frontal areas. As shown in Fig. 3, activation from the two scanners largely overlapped.
However, data from the old scanner demonstrated more widely distributed activation than
the new scanner, particularly in the right inferior temporal, right superior parietal and left
superior frontal areas (Fig. 3b). This might be due to the fact that a larger subset of children
was scanned in the old scanner (N = 61) versus the new one (N = 38). In line with our goal
to define fMRI-informed ROIs for the ERP source data, we used the conjunct areas of
activation across the two scanners (Fig. 3a) as functional ROIs for the following analyses.

3.2. ERP source activities at the three time points

Fig. 4 presents the ERP source activity at the three a prioritime points elicited by faces in
the dot-probe task (Fig. 4b), in comparison with the BOLD activation evoked by the same
faces (Fig. 4a, taken from Fig. 3a). Visual inspection suggested broad correspondence
between the two units of analysis: (1) N1/P1 (~111 ms), early visual cortex activation; (2)
P2/N170 (~182 ms), enhanced visual activation and transition towards the anterior end; (3)
N2 (~317), late, weaker visual activation, further anterior-wise transition in both the dorsal
and ventral directions.

3.3. Temporal patterns of ERP source activities in different fMRI-defined ROIs

Fig. 5 illustrates how the functionally activated regions from the fMRI data (Fig. 5a) were
further grouped into the six gross anatomical regions defined the Destrieux atlas (Fig. 5b).
This eventually generated five ROIs within these anatomical boundaries (Fig. 5¢): occipito-
temporal, parietal, paracentral, limbic, and prefrontal (no significant fMRI activation was
found in the anatomical area of insula). The averaged dSPM values were extracted from
each of the five ROls at the three a priori time points. These values were subjected to a linear
mixed-effect model to investigate the temporal patterns of face-evoked activities in different
spatial regions by probing the Peak x ROI interaction.

The overall linear mixed-effect model showed a good fit to the data, ,oseua’o-,‘?-.s‘quarea8 =
0.42. Unsurprisingly, the main effects of Peak and ROI were significant; Peak, A2, 217.72)
=38.11, p<.001; ROI, A4, 749.65) = 154.46, p< .001. More importantly, a significant
Peak x ROI interaction was also observed, A8, 711.32) 10.65, p< .001, pseudo-R-squared =
0.08. To decompose the patterns of interaction, pairwise comparisons were conducted
between the 3 time points within each ROI, respectively. For each ROI, we used a
significance level Bonferroni corrected p < .05 for pairwise comparisons between the time
points. For the overall analysis, we further divided the Bonferroni corrected 0.05 by 5 (the
number of ROIs), and used p < .01 as the significance level to evaluate the results across
ROIs. Fig. 6 presents the results of pairwise comparisons. In the occipito-temporal ROI,
ERP source activity significantly increased from the first time point (N1/P1) to the second
(P2/N170), p<.001, 95% C/=[-1.81, —0.85], then significantly decreased from P2/N170 to

3pseudo-R-squared =1 - [conditional residual variance/unconditional residual variance] (Bickel, 2007).
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N2, p<.001, 95% C/=[1.24, 2.20]. A similar pattern was observed in the parietal ROI
showing a significant increase from N1/P1 to P2/N170, p<.001, 95% C/=[-1.64,- 0.67].
However, the decline from to P2/N170 toN2 in the parietal ROI was at trend-level only and
did not achieve significance, p= .24, 95% C/=[-0.13, 0.83].

Within the other three ROIs, interestingly, distinct temporal patterns were observed between
the time points: the ERP source activity continued to increase from the first time point
(N1/P1) through the third (N2). First, activity significantly increased from the first peak
(N1/P1) to the second (P2/N170) for the paracentral ROI, p< .005, 95% C/[-1.13,-0.16],
the limbic ROI, p<.002, 95% C/[-1.20, —0.24], and the prefrontal ROI, p < .005, 95% C/=
[-1.13,-0.17]. At the third peak (N2), activity was significantly higher than that of N1/P1
for the para-central ROI, p<.001, 95% C/=[-1.39,-0.43], the limbic ROI, p<.001, 95%
Cl/=[-1.67,-0.71], and the prefrontal ROI, p< .001, 95% C/[-1.64, 0.67].

4. Discussion

By employing a high-density ERP source localization technique in a unique youth sample
with both ERP and fMRI data available from the same emotion face dot-probe paradigm, we
examined the source activity of face-sensitive ERP components in 9—12-year-old children.
As expected, our results showed that the tomography of the ERP sources broadly
corresponded with the fMRI activation evoked by a parallel dot-probe paradigm in the same
sample of children. Further, we directly integrated the spatial information from the fMRI
data into the ERP data, by defining fMRI activation as functional ROIs and applying the
ROIs to the ERP source data. Indices of ERP source activity were extracted from these ROIs
at three a priori time points, the peak latencies of three ERP complexes that were critical for
the face processing. By combining complementary information from these two units of
analysis, we found that children’s neural activity during face processing showed distinct
temporal patterns in different brain regions. Our results are the first to illustrate the spatial
validity of high-density source localization of ERP dot-probe data in children. By directly
integrating two modalities of data, our findings provide a novel approach to understanding
the spatial-temporal profiles of face processing. This approach can then be adapted to
address additional questions of interest across tasks and study populations.

First, our fMRI and ERP results obtained in the dot-probe tasks replicated findings from
these parallel literature. In the fMRI task, children showed significant BOLD signal
activation across a widely distributed face-processing network, including the lateral occipital
areas, lingual gyrus, fusiform gyrus, inferior temporal areas, superior parietal areas, and
superior frontal regions. The observed network is consistent with findings in the
neuroimaging literature on face processing in both pediatric (Herba and Phillips, 2004;
Taylor et al., 2004) and adult populations (Fusar-Poli et al., 2009). Similarly, in our ERP dot-
probe data, a group of expected face-evoked components were identified: N1 and P1,
reflecting initial, automatic attention allocation to visual-facial stimuli (Eimer and Holmes,
2007; Halit et al., 2000; Itier and Taylor, 2004), N170, capturing the unique structural
processing of faces (Eimer and Holmes, 2007), P2, marking sustained visual processing
(Eimer and Holmes, 2007), and N2, noting top-down conflict monitoring (Dennis and Chen,
2007, 2009) and inhibitory control (van Veen and Carter, 2002). These components were
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compatible with previous findings of face-elicited ERPs among adults in the dot-probe
paradigm (see review Torrence and Troup, 2018) and our recently published ERP data in
children (Thai et al., 2016).

Next, our source localization analysis at the three peaks of the face-elicited ERP components
found that the neural generators of the early ERP complex, N1/P1 (~111 ms), were localized
primarily in the visual areas of the occipital cortex. Source activities of the P2/N170
complex (~182 ms) showed enhanced visual cortex activation and transition towards the
anterior end of the brain. Finally, sources of the higher-order N2 component (~317 ms)
encompassed weaker visual activation and a further anterior-wise transition, in both the
dorsal and ventral directions. As expected, inspecting the tomography of these sources
suggested good spatial correspondence with our fMRI data from a parallel dot-probe
paradigm.

Our findings are also consistent with previous EEG (Batty and Taylor, 2003; Corrigan et al.,
2009; Pizzagalli et al., 2002; Sprengelmeyer and Jentzsch, 2006; Wong et al., 2009) and
MEG (Hung et al., 2010; Streit et al., 1999) source localization studies on face processing,
although very few of them were conducted in children. Of note, in a group of 10-13-year-
old children, Wong et al. (2009) reported dipole sources of face-evoked ERPs with
comparable spatio-temporal characteristics with our observations. They found that the dipole
sources of the early N1/P1 complex (peaking around 120 ms) were localized in the visual
association cortex, including the lingual gyrus. Dipole sources of the face N170 and Vertex
Positive Potential (160-200 ms; cf. our P2/N170 complex) were located in the inferior
temporal/fusiform regions. Dipoles of the later P2/N2 complex (220-430 ms; cf. our N2)
were localized to the superior parietal, inferior temporal, and prefrontal regions (Wong et al.,
2009).

Comparable localization findings have been reported in adults as well. For instance, by
conducting seeded source modeling on adults’ face-evoked ERP data, Trautmann-Lengsfeld
et al. (2013) localized adults’ face-sensitive N170 (140-190 ms, cf. our P2/N170 complex)
and posterior negativity (250-350 ms, cf. our N2) to brain regions including the middle
occipital gyrus, fusiform, inferior temporal gyrus, insula, pre-central gyrus, and superior and
inferior frontal area. Likewise, a MEG localization study reported that adults’ face-elicited
MEG responses during 150-200 ms originated from broad regions of the bilateral occipital
and temporal cortices, while their later responses during 300-350 ms were localized to the
right inferior frontal gyrus (Sato et al., 2015). Converging with the previous literature, our
current findings further demonstrated the neural generators of face-elicited ERPs in children
by means of a more advanced, high-density source imaging method, and provided evidence
for the spatial validity of this approach in children.

More importantly, we directly integrated the spatial information from the BOLD signals into
the ERP source activity, by extracting dSPM values(i.e., indicators of ERP source activity)
from fMRI-defined ROIs at three target time points that are known to be critical for face
processing in the ERP literature. Examining the temporal patterns between the time points
within each ROI allows us to better delineate the spatial-temporal pro-files of children’s
attentional processes.
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First, as identified by the fMRI results, face stimuli activated a broad range of occipito-
temporal regions in children, including the lateral occipital areas, lingual gyrus, fusiform
gyrus, and inferior temporal areas. The dSPM values of source activity extracted from these
regions indicated that these areas were activated predominantly during the early stage of face
processing, achieved maximum at the second time point of interest (P2/N170, ~180 ms), and
decreased after that. This spatial-temporal profile of the early processing of facial stimuli
echoes a widely cited model for face processing, namely, the distributed neural system
(Haxby et al., 2000, 2002). This model postulates that facial inputs first go through a “core
system” of the human brain that primarily comprises occipital regions, fusiform, and
superior temporal regions (Haxby et al., 2000, p. 230). The main function of the core system
is to conduct visual analysis of faces, including initial allocation of visual attention resources
and analyses of the structural and expressive facial features. Our findings from integrating
the fMRI and ERP source data supported the activation of such a “core system” in children,
with visual analyses during the early stage of face processing (N1/P1 to P2/N170) rather
than later in the process (P2/N170 to N2).

A similar “rise and drop” pattern was observed in the superior parietal ROI, as source
activity increased and peaked at P2/N170, and then reduced from P2/N170 to N2, although
without achieving statistical significance. This region has been associated with visual-spatial
attention, in particular attentional shifts (Corbetta, 1998; Corbetta et al., 1995; Haxby et al.,
1994). Further, temporal-parietal connections may play a role in transferring expressive,
changeable facial features (e.g., facial expressions, gaze directions) from the temporal to the
parietal regions for spatial attention (Harries and Perrett, 1991). This might partially explain
the difference noted between the parietal ROI and the occipito-temporal ROI. That is, both
ROIs showed decreases in source activity from P2/N170 to N2. However, the magnitude was
smaller and statistically non-significant in the parietal ROI, implying a directional relation
from the occipito-temporal to the parietal regions.

Activated BOLD signals were also observed in the paracentral, limbic, and prefrontal ROls.
Interestingly, the ERP source activity extracted from these ROIs showed distinct temporal
patterns in comparison with the occipito-temporal and parietal ROIs. Instead of the “rise and
drop” pattern, activity in these ROIs presented with an increasing pattern through the three
time points and reached maximum at the last peak. They showed significant increases from
N1/P1 to P2/N170 as well as from N1/P1 to N2. From P2/N170 to N2, there was a trend of
increase, but did not achieve statistical significance.

The paracentral, limbic, and prefrontal ROIs fit into the “extended system” of Haxby’s face
processing model (Haxby et al., 2000, p. 230), noting the socio-emotional meaning of facial
information gleaned and relayed by the core, visual-sensory system. The paracentral region,
where the primary sensorimotor cortex is located, might be involved in facial expression
processing when the viewer interprets the face by overtly or covertly simulating the
perceived expression (Adolphs, 1999; Wild et al., 2001). A previous study on 10-13-year-
old children observed dipole source activity in a similar area within the somatosensory
cortex around 280 ms post face-onset (Wong et al., 2009). They speculated that the
participants might be mentally simulating the perceived face to assist their interpretation of
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the facial cues. While we cannot directly capture this behavior in the current study, similar
mechanisms may be at play.

The limbic ROI observed in the current data primarily encompasses an area within the ACC
but not the amygdala (see Fig. 5¢). Of note, our whole-brain analysis of the fMRI data did
not yield significant amygdalar activation. This is not surprising, given previous fMRI
studies using a similar paradigm failed to observe amygdala activation in whole-brain
analysis in children and adolescents (Fu et al., 2017; Monk et al., 2006). The ACC area,
together with the other activated areas in the superior frontal region, are critical functional
regions for top-down attention control, conflict-monitoring, and maintenance of goal-
directed executive function in processing socio-emotionally salient stimuli (Corbetta, 1998;
Corbetta and Shulman, 2002; Fox and Pine, 2012). In our findings, the temporal patterns of
activities for these two regions suggest that the later stage of face processing was dominated
by the higher-order, attentional control processes sub-served by regions within ACC and the
prefrontal network. This is also consistent with the ERP literature localizing the generators
of the control-related N2 to areas within ACC (Hauser et al., 2014; van Veen and Carter,
2002), which was also reported in a sample of 6-10 year olds (Jonkman et al., 2007).

In sum, two distinct spatial-temporal profiles emerged from our fMRI-informed ERP
localization data: (1) activity within the occipito-temporal and parietal ROIs, which underlie
the visual sensory and visual attention processes, predominate the earlier stage of
processing; (2) activity within ROIs (paracentral, limbic, and prefrontal) that primarily sub-
serve top-down control processes predominate later stages of processing. These two profiles
can be mapped onto the “core system” and the “extended system” as proposed in a neural
network model of face processing (Haxby et al., 2000, 2002). The coincidence between our
child data and the general adult imaging literature suggests that a widely distributed neural
network supporting the processing of facial expressions is already underway in the
developing brain by late childhood or early adolescence.

This observation is compatible with the developmental literature, which has substantial work
exploring the development of the neural system for face processing (see review Haist and
Anzures, 2017). Ongoing debates center on whether a dedicated face processing system is
present since birth or emerge over time, and which aspects of the system develop first.
However, there is an emerging consensus that the face processing network presents as more
general and distributed during infancy and becomes more specialized and pruned as the
developing brain matures over time (Pascalis et al., 2011). For example, previous
psychophysiological work comparing multiple age groups of children with adults suggested
that the face-specific ERP component, N170, does not become “adult-like” until late
childhood (Batty and Taylor, 2003, 2006). It was proposed that a qualitative change in N170
occurs around 10-13 years of age, stabilizing the shape, latency, and lateralization of the
N170 (Chung and Thomson, 1995). An fMRI study comparing face processing in 10-12-
year-old children and adults observed a developmental shift from a more distributed pattern
of activation in children to a more concentrated pattern of activation in adults, suggesting
that the neural systems supporting face processing may undergo development and fine-
tuning well into late childhood (Passarotti et al., 2003). With only one age group, our current
data cannot directly speak to the neural development of face processing. Future studies
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recruiting multiple age groups of children or adopting a longitudinal approach are needed to
characterize the neural development in face processing during different time windows.

Certain limitations exist in our study. First, due to the limited number of trials per condition
in the dot-probe task, we had to aggregate the ERP data across experimental conditions to
obtain sufficient power for the source localization analysis. We were unable to contrast the
neural responses between different conditions (i.e., incongruence versus congruent). Future
study designs with more trials per condition will enable us to tap into the potential
differences in ERP sources between conditions in the dot-probe paradigm. Examining these
between-condition differences will better speak to the neural network underlying children’s
attentional processing of threat in particular, and the related regulatory and control processes
that are needed to sustain and shift attention. Second, due to the practical complexities of
scheduling the data collection facilities, most participants completed the fMRI task prior to
the ERP task. This might have potentiated an order effect, although comparing the
behavioural performance of the two tasks yielded no significant difference. A more balanced
testing order is preferred for future studies. Finally, the extended time period needed to
collect these complex data overlapped with a scheduled upgrade of the imaging facility.

Finally, in the fMRI analysis, we normalized the functional images of all participants to the
MNI305 space but did not apply age-appropriate MRI templates. We chose this approach
because our fMRI analysis in FsFast and ERP source analysis in MNE were conducted in
the surface, but not the 3D volume, space. As a highly automated fMRI analysis stream tool,
FsFast generates the inflated surface based on the FSAverage template for each participant at
the group-level analysis, independent of the template used in the initial normalization in the
3D space. Thus, we consider it very difficult, if not technically impossible, to modify the
analysis pipeline in FsFast (and MNE) to accommodate age-appropriate MRI templates.
Future work focusing on method development will help resolve this issue.

Despite these limitations, our data reflect the RDoC initiative, illustrate the convergence of
the two units of analyses, ERP and fMRI, and support the spatial validity of high-density
source localization of ERP data in 9—12-year-old children. Given the many constraints of
carrying out task-modulated fMRI research in children, conducting high-density ERP source
analysis might be a feasible alternative to fMRI. Further, by directly integrating
complementary information from these two units of data, we contribute novel evidence on
the spatial-temporal dynamics of children’s neural processing of faces. Our findings also
provided insights for the future implementation of the more advanced, simultaneous ERP-
fMRI recordings (Bonmassar et al., 2001; Mulert et al., 2004) in children, which will help
better understand the development of the spatial-temporal neural profiles of (threat-related)
attentional processes.
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Fig. 1.
Experimental conditions and trial procedure of the emotion face dot-probe paradigm for the

ERP and fMRI tasks.
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(a) ERP waveforms at Fz and Oz elicited by all faces of the dot-probe task averaged across
participants (Thai et al., 2016). (b) ERP waveforms of a single participant included in the
current analysis at the 128 channels elicited by all faces of the dot-probe task.
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(a). Conjunct fMRI (b). Activation from each scanner

activation Old scanner New scanner
AT

Fig. 3.
(a) Group-level significant fMRI activation for the Faces > Baseline contrast across the two

scanners, cluster-wise corrected p < .05; (b) activation from the old scanner (Siemens 3T
Trio, N = 61) and new scanner (Siemens 3T Prisma, N = 38), respectively.
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(a). fIMRI activation (b). ERP source activities (ASPM)
AT

Fig. 4.

(a) fTMRI activation in response to the Faces> Baseline contrast; (b) ERP source activity in
response to the same face stimuli at three peak latencies of a priori ERP complex (averaged
latencies across participants: 111 ms, 182 ms, and 317 ms).
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(a). fMRI activation (b). Gross anatomy (c). fMRI-defined ROls
AT

Occipito-temporal
Parietal
Paracentral

Fig. 5.
(@) fMRI activation in response to the Faces > Baseline contrast; (b) six gross anatomical

regions defined by the Destrieux Atlas in FreeSurfer; (¢) fMRI activation grouped into the
anatomical regions.
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Mean (+/— 1SE) dSPM values extracted from each of the five fMRI defined ROIs at the
three a prioritime points, N1/P1 (Mean = 111 ms), P2/N170 (Mean = 182 ms), and N2

(Mean = 317 ms). **<0.002, * <0.01;+<0.02.
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Table 1

Sample size, gender, and years of age of the total sample and each sub-group.

Total Sample ERP sub-group  fMRI sub-group Overlap Sample
Total New scanner  Old scanner
N (F/M) 118 (60/58) 74 (35/39) 99 (52/47) 38 (19/19) 61 (33/28) 54 (26/28)
Mean years of age (SD)  10.98 (1.04)  10.94 (0.97) 10.97 (1.06) 1051 (1.11)  11.25(0.92)  10.94 (1.00)
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