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Abstract

Accurate cortical source localization of event-related potentials (ERPs) requires using realistic head models constructed
from the participant’s structural magnetic resonance imaging (MRI). A challenge in developmental studies is the limited
accessibility of participant-specific MRIs. The present study compared source localization of infants’ N290 ERP activities
estimated using participant-specific head models with a series of substitute head models. The N290 responses to faces relative
to toys were measured in 36 infants aged at 4.5, 7.5, 9, and 12 months. The substitutes were individual-based head models
constructed from age-matched MRIs with closely matched (“close”) or different (“far”’) head measures with the participants,
age-appropriate average template, and age-inappropriate average templates. The greater source responses to faces than toys at
the middle fusiform gyrus (mFG) estimated using participant-specific head models were preserved in individual-based head
models, but not average templates. The “close” head models yielded the best fit with the participant-specific head models
in source activities at the mFG and across face-processing-related regions of interest (ROIs). The age-appropriate average
template showed mixed results, not supporting the stimulus effect but showed topographical distributions across the ROIs like
the participant-specific head models. The “close” head models are the most optimal substitute for participant-specific MRIs.
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Introduction

Cortical source analysis of event-related potentials (ERPs)
is a neuroimaging analytical tool that facilitates the under-
standing of functional neural responses across the lifespan.
The technique takes the advantage of ERPs that provide
temporally sensitive measurement of neural responses time-
locked to stimulus presentation. It incorporates structural
information from magnetic resonance imaging (MRI) to
identify the loci of the neural responses measured at the
scalp surface. The selection and construction of head model
is a critical step for accurate estimations of the forward
model and source localization. The optimal head model for
accurate solutions is a realistic head model constructed from
the participant’s own MRI, which has a close representation
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of the topographical and electrical properties of the indi-
vidual’s head and brain (Conte and Richards 2021; Vorwerk
et al. 2014, 2018). However, MRI data collection might not
always be successful considering the challenges of obtain-
ing MRI scans with satisfactory quality in infants and young
children. Existing ERP source localization studies (Conte
et al. 2020; Guy et al. 2016) and fMRI evidence (Deen et al.
2017) in infants have established that the middle fusiform
gyrus (mFQG) is a key region underlying infant face pro-
cessing. The present study compared source localization of
infant ERP responses to faces relative to non-face objects
using the participants’ own head model with several alterna-
tive head models.

Cortical source analysis has been implemented to study
the brain locations underlying the N290 components in
infants. The N290 is a face-sensitive ERP component in
infants (Conte et al. 2020; de Haan et al. 2003). It is a devel-
opmental precursor of the adult N170 (de Haan et al. 2003;
Hoehl and Peykarjou 2012). Cortical source analyses in
healthy infants (3 to 12 months) have revealed that the N290
response to faces versus non-face objects was localized
in the middle fusiform gyrus (mFG) and the surrounding


http://orcid.org/0000-0002-6124-731X
http://crossmark.crossref.org/dialog/?doi=10.1007/s10548-022-00899-9&domain=pdf

Brain Topography (2022) 35:398-415

399

ventral occipitotemporal (VOT) regions (Buiatti et al. 2019;
Conte et al. 2020; Guy et al. 2016; Johnson et al. 2005; Xie
et al. 2019a, b). The mFG has been found as a neural basis
for face processing in studies conducting source analysis
of the N170 responses in adults (Richards et al. 2018 for a
review), as well as fMRI studies examining neural responses
to faces in infants (Deen et al. 2017) and adults (Berman
et al. 2010 for a review). Together, cortical source analyses
of infants’ N290 component have underscored that the adult-
like functional organization underlying face processing is at
least partially in place during infancy (Powell et al. 2018).
Age-appropriate realistic head models are critical to
ensure accurate localization of the neural generator(s) of
the N290 activities recorded on the scalp. Accurate source
localization, or inverse modeling, strongly depends on an
accurate forward model that estimates the electric potential
at the scalp electrode locations generated by a source in the
brain (Vorwerk et al. 2014, 2018). An accurate forward solu-
tion requires specifying the electrode locations on the indi-
vidual’s head and constructing a realistic head model that
represents the individual’s head geometry (Conte and Rich-
ards 2021, 2022; Michel and Brunet 2019; Vorwerk et al.
2014; Vorwerk et al. 2018; Xie and Richards under review).
The requirement for participant-specific MRIs for source
analysis poses a challenge for developmental studies due
to the difficulties of obtaining MRI scans from infants and
young children. The use of adult head models as a substi-
tution for infant or child participant-specific head models
increases localization errors. There is extensive brain mor-
phological development during infancy, including increases
in GM, WM, and CSF volumes and WM myelination (Gil-
more et al. 2011; Makropoulos et al. 2016; Richards and
Conte 2020; Richards and Xie 2015). Specifically for studies
of the N290 in infants, there is anatomical development in
the posterior fusiform gyrus and mFG that is related to func-
tional improvements in face processing (Gomez et al. 2017).
Source localization studies with infants and children
have used adult or age-appropriate MRI templates when the
participant-specific MRIs were not collected or fully avail-
able. Table 1 has listed the type of head models used in the
representative developmental studies. Earlier studies that did
not collect MRIs from participants used an adult MRI tem-
plate (e.g., van Leeuwen et al. 2007) or a single-infant MRI
template obtained from an age group closely matched with
the participants (e.g., Reynolds and Richards 2005). An MRI
template constructed from a single infant participant offered
a more age-appropriate representation of the participants’
head geometry than an adult head model. However, it cannot
account for structural variability across participants (Reyn-
olds and Richards 2009). More recent infant studies that did
not have participant-specific MRIs adopted age-appropriate
average templates constructed from MRIs of a group of age-
matched individuals (e.g., Xie et al. 2019a, b), or “close”

head models constructed from MRIs of individuals closely
matched with each participant’s age and head size (e.g.,
Xie and Richards 2016). Alternatively, infant studies that
included MRI data collection used participant-specific MRIs
when available, but otherwise used age-appropriate average
templates (e.g., Himéldinen et al. 2011) or “close” MRIs
(e.g., Guy et al. 2016). Age-appropriate average templates
and “close” head models can be created from study par-
ticipants (e.g., Himaéléinen et al. 2011), or may be obtained
from the publicly available Neurodevelopmental MRI Data-
base (Fillmore et al. 2015a; Richards, in prep; Richards et al.
2015b; Sanchez et al. 2012a, b). The use of age-appropriate
average templates or individual-based “close” head models
can reduce errors in forward solution and source localization
compared to age-inappropriate head models.

One study has compared source solutions obtained from
a series of average templates with estimations from par-
ticipant-specific head models. Guy, Richards, and Roberts
(under review) examined source activations of the N290 in
response to faces and toys in 12-month infants with high
risks of autism spectrum disorder and fragile X syndrome.
They constructed study-specific average templates, risk-
group-specific average templates from a large MRI data-
base (IBIS; Hazlett et al. 2017), and average templates from
12-month-old, 12-year-old, and adult typically developing
individuals, respectively. The risk-group-specific average
templates offered the closest fit with participant-specific
head models. Specifically, the difference scores between
the source activation estimated from the risk-group-specific
average templates and the participant-specific head models
and were lower compared to the difference scores between
other types of average templates and the reference across
face-processing-related ROIs. The source solutions obtained
from the risk-group-specific average templates also had the
highest correlation with the participant-specific head mod-
els. It is possible that the group-specific average templates
constructed from a large MRI database (IBIS; Hazlett et al.
2017) better represented the between-individual variability
in head and brain structures within the high-risk infants
(Guy et al. under review).

A conclusion from these studies is that cortical source
analysis of EEG/ERP using realistic head models that
closely represent the participant-specific structural fea-
tures (age, head size, and tissue segmentations) would yield
more accurate solutions than cortical source analysis with
age-inappropriate average templates. The individual-based
“close” head models might be the best substitute that can
account for individual differences in head geometry (Reyn-
olds and Richards 2009). However, this solution requires
accurate participants’ head measurements that might not
have been collected (Conte and Richards 2022). This begs
the question of whether comparable localization accuracy
can be achieved with “far” head models that are matched
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Table 1 Head models used in representative developmental studies that conducted source localization of EEG/ERP responses

Study

Participant age(s)

Head model(s)

Studies with only EEG/ERP data collection

Albrecht et al. (2000)

van Leeuwen et al. (2007)

van der Weel and van der Meer (2009)
Bernal et al. (2010)

Johnson et al. (2005)
Reynolds and Richards (2005)
Richards (2005)

Buiatti et al. (2019)

Bathelt et al. (2013)

Cantiani et al. (2019)
Ortiz-Mantilla et al. (2019)
Thorpe et al. (2016)

Xie, et al. (2019a, b)

Xie, et al. (2019a, b)

Xie and Richards (2016)

Children: 5 to16 years Adults: 20 to 30 years An adult head model

2 months

5 to 11 months

2 years

3, 4, and 12 months

4.5, 6, and 7.5 months

14 to 20 weeks

Newborns (15 to 96 h)

1.5 to 6 years

ERP data were collected at 6 months
ERP data were collected at 9 months
12 month, 4 years, and 18 to 21 years
6, 8, 10, and 12 months

6, 8, 10, and 12 months

6, 8, 10, and 12 months

An adult head model

An adult head model

A template from a 2-year-old

A template from a 12-year-old

A template from a 6-month-old

A template from a 6-month-old

A template from a 7-week-old
Age-matched average templates

An age-appropriate average template
An age-appropriate (12-month) average template
Age-appropriate average templates
Age-appropriate average templates
Age-appropriate average templates

“Close” head models

Xie and Richards (2017) 3 and 4.5 months
Studies with both EEG/ERP and MRI data collection

Hamélédinen et al. (2011) 6 months
Ortiz-Mantilla et al. (2012) 6 months
Ortiz-Mantilla et al. (2013) 6 months

Ortiz-Mantilla et al. (2016) 6 and 12 months
Conte et al. (2020)

Guy et al. (2016)

4.5,6,7.5,9, and 12 months

4.5, 6, and 7.5 months

“Close” head models

Subject-specific head models, and an age-
matched average template as the substitute

Subject-specific head models, and an age-appro-
priate average template as the substitute

Subject-specific head models, and an age-appro-
priate average template as the substitute

Subject-specific head models, and age-appropri-
ate average templates as substitutes

Subject-specific head models, and “close” head
models as substitutes

Subject-specific head models, and “close” head
models as substitutes

“Close” head models were constructed using MRIs close in age and head size with the each of the study participants

EEG electroencephalogram, ERP event-related potential, MRI magnetic resonance imaging

with individual participants’ ages but not head size or age-
appropriate average template. Cortical source localization
results using substitute MRIs for a participant-specific MRI
has not been evaluated.

The present study compared cortical source localiza-
tion of the N290 ERP response in infants with different
head models. The current study used data from Conte et al.
(2020) from infants who had source analysis of the N290
ERP based on their own MRI. The primary objective was to
compare source activities obtained using participant-specific
MRIs with a series of substitute head models. We hypoth-
esized that the source solutions obtained from age-matched
individual-based head models and age-appropriate average
templates will be like source localization using participant-
specific MRIs, and closer than source solutions using head
models constructed from age-inappropriate groups. A sec-
ondary objective was to confirm the effect of task stimulus

@ Springer

(face versus toys) and age on source activities of the N290 at
the mFG estimated using realistic head models constructed
from infants’ participant-specific MRIs, e.g., Conte et al.
(2020)’s findings. This study should result in recommenda-
tions for selecting an optimal head model for source localiza-
tion when the participants’ own MRI is unavailable.

Method
Participants

Participants were 36 full-term (23 males), typically devel-
oping infants aged at 4.5 months, 6 months, 7.5 months,
9 months, or 12 months. Table 2 (‘“Participant-specific
MRIs”) displays the demographic information of the study
participant. The participants were chosen from a prior study
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Table 2 Demographic information of study participant and MRI sam-
ples by age group, sex, and data source

Age group Total N° MaleN MCBIN BCPN IBISN
Participant-specific MRIs

4.5 months 6 5 6 0 0
6 months 12 6 12 0 0
7.5 months 11 6 11 0 0
9 months 3 2 3 0 0
12 months 4 4 4 0 0
Potential MRIs

4.5 months 46 19 5 41 0
6 months 64 34 4 60
7.5 months 52 37 3 0 49
9 months 55 22 4 48 3
12 months 103 70 14 0 89
Close MRIs

4.5 months 6 4 5 1 0
6 months 12 5 4 0 8
7.5 months 11 6 3 0 8
9 months 3 0 3 0 0
12 months 4 3 4 0 0
Far MRIs

4.5 months 6 3 1 5 0
6 months 12 7 2 0 10
7.5 months 11 10 0 0 11
9 months 3 2 0 3 0
12 months 4 4 2 0 2

MCBI McCausland Center for Brain Imaging, BCP Baby Connec-
tome Project, /BIS Infant Brain Imaging Study

(Conte et al. 2020) and who had a structural MRI for that
study. Participants were primarily Caucasian and of middle
socioeconomic status. The study had informed parental con-
sent. The University of South Carolina Institutional Review
Board approved data collection.

MRI Data Acquisition

The present study used T1-weighted (T1W) and T2-weighted
(T2W) MRI scans from each participant. The MRIs of the
participants were collected at the McCausland Center for
Brain Imaging (MCBI) in Columbia, SC. Details of the MRI
acquisition and processing are described in previous studies
(Conte et al. 2020; Guy et al. 2018, 2016; Xie and Richards
2016).

The substitute MRIs (next section) were obtained from
the MCBI and open-access databases (N=320). The
selected dataset contained 24 MRIs from the MCBI, 9
from the Baby Connectome Project (BCP: Howell et al.
2019), and 39 from the Infant Brain Imaging Study (IBIS:
Hazlett et al. 2017). Table 2 (“Potential MRIs”) displays

the demographic information of the substitute MRIs. The
average templates consisted of templates from constructed
for the Neurodevelopmental MRI Database (Fillmore et al.
2015a, b; Richards in prep; Richards et al. 2015a, b; Sanchez
et al. 2012a, b). An age-appropriate average template, and
“age-inappropriate” average templates from 12 months,
12 years, and 20-24 years were used. Details of the MRI
acquisition protocols may be found in the open access data-
base sites, and details of the average templates construction
in the Neurodevelopmental MRI Database publications.
All studies had informed parental consent and institutional
review board approval. The data from the open access data-
bases had “Data Use Agreements” and institutional review
board approval for use in this study.

Head Model Selection and Construction

We selected substitute MRIs for each participant-specific
MRI collected from the participant. The “close” and “far”
head models came from the potential substitute MRIs that
were age-matched to the participant-specific MRI. We use
scalp fiducial locations to measure individuals’ head geom-
etry. These locations (the vertex, nasion, inion, and left and
right preauricular) are used to anchor EEG net placement
and reconstruct scalp electrode positions. The root-mean-
square difference between fiducial points of the participant-
specific and the candidate head model pairs were minimized
for the “close” head model (M =24.07 mm, SD=23.18)
and maximized for the “far” head model (M =176.50 mm,
SD=169.56). The largest distance between the participant-
specific and “close” MRIs was smaller than the smallest
distance between the participant-specific and “far” MRIs.
The algorithm selects MRIs that have the most similar
head measurements as the participant-specific MRIs as the
“close” MRIs, whereas the MRIs with the most dissimilar
head measurements as the participant-specific MRIs were
selected as the “far” MRIs. The additional substitute head
models for each participant-specific head model were an
age-appropriate average template, 12-month average tem-
plate (for infants who were not 12 months old), adolescent
(12-year) average template, and adult (20-24 years) average
template.

The head MRI volume was used to create realistic finite
element method (FEM) head models. The MRI volume was
segmented into 9 or 10 media types: gray matter (GM), white
matter (WM), cerebrospinal fluid (CSF), non-myelinated
axons for infants (NMA), dura, skin, skull, air, eyes, and
other inside skull material. A tetrahedral mesh was created
for the segmented head MRI volume, with each tetrahedron
having one value describing its tissue type. Figure 1 displays
an example tissue segmentation. Detailed descriptions of
the segmentation methods are presented in previous stud-
ies (Conte and Richards 2022; Fu and Richards 2021) and
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Fig. 1 Multiplanar view of the segmented head MRI volume of a
12-month average template. Infant head models were segmented to 10
tissue types as displayed, and the 12-year and 20-24-year head mod-

provided in the Supplementary Information. The segmented
regions were assembled into a single MRI volume we will
refer to as the “segmented head MRI volume”. Conductivity
value for each segment was set as follow: WM 0.2 S/m, GM
0.33 S/m, CSF 1.79 S/m, dura 0.33 S/M, skull 0.0132 S/m,
scalp 0.35 S/m, head muscles 0.35 S/m, eyes 0.5 S/m, nasal
cavity 0.0042 S/m, and NMA 0.33 S/m. The conductivity
values were used in previous studies with overlapping sam-
ples (Conte et al. 2020; Guy et al. 2016).

Virtual Electrode Placement

The electrode locations were estimated on each participant
MRI and translated from the participant MRI to the substi-
tute head model type. The placement of the electrodes on the
participant MRI and the corresponding substitute MRIs were
visually inspected to ensure accuracy. Detailed procedures
are described in the Supplementary Information.

Regions of Interest (ROIs)

Anatomical ROIs were defined based on ROIs included in
previous studies examining cortical sources of the N290
(Conte and Richards 2022; Conte et al. 2020; Guy et al.
2016). The 15 ROIs included the middle fusiform gyrus
(mFG), anterior fusiform gyrus, parahippocampal gyrus,
lingual gyrus, medial inferior occipital lobe, lateral infe-
rior occipital lobe, middle inferior occipital lobe, superior
occipital lobe, occipital lobe, temporal pole, superior tempo-
ral gyrus, middle temporal gyrus, superior temporal sulcus,
posterior inferior temporal gyrus, parietal lobe. Figure 2
presents a 3D display of the selected ROIs. Prior findings
have shown that the most relevant region associated with
the N290 is the mFG outlined in orange (Conte et al. 2020;
Gao et al. 2019; Guy et al. 2016). We created a “Ventral
Occipital-Temporal (VOT) ROI” (Conte et al. 2020; Gao
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els were segmented to 9 tissue types (excluding NMA). WM white
matter, GM gray matter, CSF cerebrospinal fluid, NMA non-myeli-
nated axons

Temporal Pole
Parahippocampal Gyrus
Anterior Fusiform Gyrus

Posterior Inferior
Temporal Gyrus
Middle Fusiform Gyrus

Lingual Gyrus

Anterior
Fusiform Gyrus

Middle
Fusiform Gyrus

Fig.2 3D rendering representation of the ventral surface of temporal
and occipital lobes on a 12-month-old average template. Top panel
shows the main ROIs used to conduct cortical source analysis for the
N290 component in response to faces and objects. The most impor-
tant region is the middle fusiform gyrus (mFG), which is encircled
with an orange line. Bottom panel depicts ventral occipital temporal
ROIs (FG1-4) described in (Rosenke et al. 2018) and the fusiform
gyri transformed into the average 12-month-old template (Color fig-
ure online)
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et al. 2019; Guy et al. 2016) for some analyses consisting of N

the mFG, anterior fusiform gyrus, lingual gyrus, parahip- . .

pocampal gyrus, and temporal pole. The remaining occipital ~ RDM = e < (1)

and temporal regions were grouped to form the “Occipital
ROI” and “Temporal ROI” for these analyses.

ERP Data Collection and Analysis

The data were from Conte et al. (2020). Infants were pre-
sented with pictures of faces and toys while undergoing EEG
recording. ERP analysis was conducted to examine the effect
of task stimulus type (faces versus toys) on the amplitude of
the N290 component. Detailed information on study stimuli,
apparatus, procedures, and data analyses were presented in
Conte et al. (2020) and summarized in the Supplementary
Information.

ERP Source Analysis

Estimations of the forward model and inverse solution were
conducted using the Fieldtrip toolbox (Oostenveld et al.
2011) and in-house custom MATLAB scripts (Conte and
Richards 2022). We implemented the current density recon-
struction (CDR) method for source estimation. The source
reconstruction pipeline is detailed in previous studies (Buz-
zell et al. 2017; Conte and Richards 2022; Conte et al. 2020;
Gao et al. 2019; Guy et al. 2016) and the Supplementary
Information accompanying those publications (e.g. Richards
et al. 2018). We summarized the procedures in the Supple-
mentary Information.

Simulation of N290 Activity from Source

We performed a simulation of the scalp N290 activity to
access the accuracy of each head model type for source
reconstruction (Conte and Richards 2021). The N290 activ-
ity was simulated at each of the 126 electrode locations by
multiplying the lead field forward solution by the CDR val-
ues at each source volume grid location only in the mFG
ROI. The simulated N290 activity was restricted to 12 ms
surrounding the peak N290 during stimulus presentation.
We quantified the difference between the simulated N290
activity for each head model type and the recorded N290
activity from the participant by computing the relative dif-
ference measure (RDM; Giillmar et al. 2010; Meijs et al.
1989; Wolters et al. 2006). The RDM (Eq. 1) quantifies the
topographical distribution of the error in the model. A value
close to zero indicates that using the given head model to
estimate scalp ERP activity yielded similar topographical
distribution relative to the ERP activity recorded from the
participant (Conte and Richards 2021).

Z sim,, - recy =
= \/ZL (sim, ) \/Z?=1 (rec.)

n denotes electrodes; i is the given electrode; sim, is the
simulated ERP activity using a given head model; and rec,
is the recorded ERP activity from the study participant.

Data Analyses

We first summarized the N290 ERP and source analysis
results reported in the previous study (Conte et al. 2020) in
the Supplementary Information. Second, we examined the
effect of task stimulus and age on the CDR values of the
N290 component at the mFG estimated using participant-
specific head models. Third, we tested if the substitute
head models showed the same stimulus type effect on CDR
values in the mFG as the participant-specific head model.
Fourth, we compared the topographical distributions of
source solutions between head model by examining the
CDR values as a function of stimulus type, ROI group,
head model, and age group. Fifth, we compared the source
reconstruction among different head model types by cal-
culating the relative topographical change of each of the
substitute head model from the reference. Next, we con-
ducted between-subject correlations to assess the similar-
ity of CDR values in the mFG between head model types.
We also computed within-subject correlations to examine
the similarity between the topographical distribution of the
CDR values for head model types across all ROIs. Lastly,
the head model comparisons of simulated scalp N290
activity were conducted by computing the RDM relative
difference score between the substitute and the participant-
specific head model. A larger positive difference score
indicates that the fit between the recorded ERP activities
and simulated ERP activity using the given substitute head
model and is worse than the fit between the recorded and
simulated ERP data using the participant-specific head
models. Data visualizations plotted N290 source activi-
ties from -48 to 48 ms around the peak of N290. This is in
the range of previous studies (— 40 to 40 ms: Conte et al.
2020; Gao et al. 2019; — 50 to 50 ms: Guy et al. 2016). All
formal statistical tests restricted the time window for scalp
activity and CDR values to — 12 ms to + 12 ms around the
N290 peak, based on data visualization.
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Results
Summary of Prior Results (Conte et al. 2020)

Our previous study (Conte et al. 2020) found that the N290
response was greater to faces than toys. The N290 activi-
ties were localized in the mFG region. The Supplementary
information provides a detailed summary for the findings.

N290 Source Analysis Using Participant-Specific
Head Models

We first replicated the previous finding on the stimulus-by-
age effect on CDR values of the N290 component estimated
using the participant-specific head models. Figure 3 shows
the CDR values at the peak of the N290 in the mFG, com-
pared with the values from the temporal pole. The latter that
did not show a significant Stimulus effect in Conte et al.
(2020). The peak of source response to faces was observable
at age 9 months and 12 months. The differences in the CDR
values for faces and toys did not occur in the temporal pole
in all age groups.

We tested the effect of task stimulus and age group on the
CDR values at the mFG of participant-specific head models.
A Stimulus (faces and toys) X Age Group (young and old)
ANOVA was conducted on the CDR values estimated in

4.5 months 6 months

7.5 months

Middle Fusiform Gyrus

the mFG region of the participant-specific head models. We
combined age 7.5 months, 9 months, and 12 months to the
“old” group based on previous findings (Conte et al. 2020)
and examination of the current data. The CDR values sur-
rounding the peak of the N290 (— 12 to+ 12 ms) were larger
for faces than toys across both age groups, F (1, 32)=5.64,
p=0.02. The Stimulus X Age Group interaction was not sig-
nificant, p =0.26. Although the interaction was not signifi-
cant, Table 3 contains the Scheffé-corrected simple effects
to assess the effect of Stimulus in the young and old infant
group separately. The CDR to faces was larger than toys for
the older age group but not for the younger age group.

Table 3 Scheffé-controlled post-hoc tests for the Stimulus X Age
Group interaction on the CDR values in the mFG estimated using the
subject-specific head models

2

Age group (months)  Fgg,g, for

stimulus

F Scheffé . F Scheffé . n
32),p=0.05 32),p=0.01

45,6 0.70 4.14 7.49 0.02
7.5,9,12 6.58 4.14 7.49 0.17

Fgopo: represents the computed F value for the post-hoc groups or the
Scheffé criterion for the simple effects tests. The Fy,y; computation
is defined in http://www.utstat.toronto.edu/~brunner/oldclass/429f07/
text/2007F_Ch6.pdf. The older infant group (bolded) showed signifi-
cant task stimulus effect

9 months 12 months

CDR (pA/mm?)

Fig.3 Line graphs of the CDR values around the peak of N290 (from — 48 to 48 ms) in the middle fusiform gyrus (mFG) and temporal pole by

task stimulus type and age
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«Fig.4 CDR values in response to faces and toys at the middle fusi-
form gyrus around the peak of N290 (from — 48 to 48 ms) by head
model types separately for young (4.5 months and 6 months) and
older infants (7.5 months, 9 months, 12 months). Greater source
activities in response to faces than toys around the peak of N290 can
be observed in the participant-specific, “close”, “far”, and age-appro-
priate average template highlighted in yellow. AT average template
(Color figure online)

Head Model Comparison

We compared the source activations in response to faces and
toys across head model types. First, we investigated whether
the stimulus type effect on the CDR values at the mFG was
maintained when using the substitute head models. A Stimu-
lus x Head Model (participant-specific, “close”, “far”, age-
appropriate template, 12-months average template, 12-years
average template, adult average template) X Age Group
ANOVA was done on the averaged CDR amplitudes around
the peak of the N290 (— 12 ms to 12 ms) in the mFG. There
was a significant main effect of Stimulus, F (1, 34)=7.66,
p=0.009, and Head Model, F (6, 194)=25.75, p<0.001,
and an interaction between Stimulus and Head Model, F
(6, 192)=3.89, p=0.001. There were no significant effects
involving the age groups, p’s>0.07. Figure 4 shows the
CDR amplitudes at the mFG for faces and toys around the
peak of N290 by head model types separately for young and
older infants. Figure 5 presents the mean CDR values at the
mFG averaged across time points around the peak of N290
by stimulus, head model, and age group. The CDR to faces
was larger than to toys primarily for the participant-specific,
“close”, “far”, and age-appropriate average template. This
effect appears to be larger in the older group although the
effects involving age were not significant. Table 4 contains
the results of a post-hoc comparisons of mean CDR val-
ues comparing faces versus toys for each head model type
corrected with Scheffé’s test. The CDR values at the mFG
were greater for faces than for toys only for the participant-
specific, “close”, and “far” head models.

We included CDR values from multiple anatomical
ROIs to compare the differences in the topographical dis-
tribution of CDR values for faces and toys between head
models. We grouped the individual ROIs into three ROI
groups: the Ventral Occipital Temporal (VOT) regions
encompassed the mFG, anterior fusiform gyrus, lingual
gyrus, parahippocampal gyrus, and temporal pole (Conte
et al. 2020; Gao et al. 2019; Guy et al. 2016). The “Occipi-
tal” and “Temporal” groups included the remaining occipi-
tal and temporal regions. The mean CDR values across
time points around the peak of N290 (from — 12 to 12 ms)
were analyzed in a Stimulus X ROI (VOT, Occipital, Tem-
poral) X Head Model x Age Group ANOVA. There was
a significant main effect of ROI group, F (2, 68)=68.82,
p <0.001, and head model, F (6, 200)=57.11, p <0.001.
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The ROI-group-by-head-model interaction effect was also
significant, F (12, 400)=18.59, p <0.001. The effects
involving Stimulus were not significant, p’s > 0.15. Fig-
ure 6 displays the mean CDR values as a function of ROI
group (VOT, Occipital, and Temporal) and head model
type. Table 5 contains the results of a post-hoc compari-
sons of mean CDR values for the ROI groups for each head
model type corrected with Scheffé’s test. The post-hoc test
compared the CDR value from the VOT to the mean of the
Occipital and Temporal ROIs. The CDR activity at the
VOT region was greater than the Occipital and Temporal
mean CDR for the participant-specific, “close”,”’far”, and
age-appropriate average template, but did not differ sig-
nificantly for the other head model types.

We compared the source activations for faces and toys
across head model types by computing the absolute differ-
ence of CDR values between the participant-specific head
model and each of the substitute head models (Eq. 2). This
was done using the CDR values at each ROI for each head
model to account for differences in source voxel locations
in different head models. A small value indicates a smaller
difference in between the source activation in response to
task stimuli estimated using the given substitute and partic-
ipant-specific head model. Figure 7 presents ogive curves
that describe the cumulative frequency distribution of the
CDR absolute difference values separately for all ROIs, the
VOT regions, and the mFG ROI. The CDR absolute dif-
ference scores showed similar distributions for the “close”
and “far” head models for all three figures. Specifically, the
absolute difference scores were clustered at smaller values.
The distributions were noticeably different for the four types
of average templates in the VOT region. The CDR absolute
difference scores were more evenly distributed (i.e., more
larger values) for these average templates compared to the
individual-based head models. The differences in the dis-
tribution among the “close”, “far”, age-appropriate average
template, and adult average template were less discernible
in the figures for all ROIs and the mFG.

Absolute Difference Score = |CDR,,;, — CDR,,; )

The distribution of source activations to faces and toys for
the head model types was compared in 3D rendered volumes
of the CDR activity. Figure 8 presents the 3D rendering of
the CDR values around the peak of N290 (— 12 ms to 12 ms)
as a function of stimulus type and head model type (partic-
ipant-specific, “close”, “far”’, and age-appropriate average
template) for an example infant. The mFG is outlined to
emphasize this ROI. The source activation was greater in the
mFG for faces than toys in all head mode. The “close” head
model had the most similar distribution of source activities
at the mFG with the participant-specific head model. The
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Fig.5 Mean CDR values in response to faces and toys at the middle
fusiform gyrus across time points around the peak of N290 (from —
12 to 12 ms) by head model types separately for young (4.5 months

age-appropriate average template also displayed CDR activi-
ties for faces in the mFG region as in the participant-specific
head model.

Correlation Analyses

We used Pearson correlation analyses to compare the source
solutions estimated using different head models. First,
between-subject correlations were computed to examine
the associations of CDR values around the peak of N290
(from — 12 to+ 12 ms) for faces and toys at the mFG. This
represents the individual differences in the mFG CDR values

Table 4 Scheffé-controlled post-hoc tests for the Stimulus X Head
Model interaction on the CDR values in the mFG

Head model F Scheffé for F, Scheffé F Scheffé n
stimulus (6, 192), (6, 192),
p=0.05 p=0.01
Participant-specific 22.16 12.87 17.38 0.103
Close 20.48 12.87 17.38 0.096
Far 26.43 12.87 17.38 0.121
Age-appropriate 2.16 12.87 17.38 0.011
12-month average 0.1 12.87 17.38 0.001
12-year average 0.41 12.87 17.38 0.002
Adult average 1.41 12.87 17.38 0.007

Fgopo; Tepresents the computed F value for the post-hoc groups or the
Scheffé criterion for the simple effects tests. The effect of Stimulus
was significant for head model types highlighted in bold

and 6 months) and older infants (7.5 months, 9 months, 12 months).
The asterisk signs denote significant differences in CDR values for
faces versus toys. AT average template

for the head models across individuals. Figure 9A shows
the results of between-subject correlations when compar-
ing mean CDR values at the mFG estimated using the dif-
ferent head modes with the participant-specific and adult
average template as the reference. The mean CDR values
at the mFG estimated using the participant-specific head
model were positively correlated with the two individual-
based head models, the 12-month, 12-year, and adult average
templates, p’s <0.001. In contrast, the correlation between
the participant-specific and age-appropriate average template
was not significant, p =0.59.

Second, within-subject correlations were conducted to
compare the similarity between head model types in the spa-
tial distribution of CDR values for faces and toys from all
ROIs. We computed Pearson correlations between all ROI
pairs for everyone. The r values were then averaged across
participants by head model types. This analysis represents
the spatial distribution of the CDR across ROIs within an
individual for different head models. Figure 9B displays
the results of within-subject correlations across all ROIs
when the participant-specific head model and adult aver-
age template were used as the reference. The mean CDR
values estimated using participant-specific head models had
stronger correlations with the “close”, age-appropriate aver-
age template, and 12-month average template but weaker
correlation with 12-year and adult average template. In
contrast, the source activity estimated using the adult aver-
age template was strongly correlated with the 12-month
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Fig.6 Mean CDR values across time points surrounding the peak
of N290 (from — 12 to 12 ms) as a function of ROI group (Ven-
tral Occipital Temporal, Occipital, and Temporal regions) and head

and 12-year average template but less correlated with the
individual-based head models.

Simulated N290 Activity from Source on the Scalp

The distribution of source activations for the head model
types was examined by simulating EEG/ERP activity on the
scalp by a forward model computation of the CDR in the
mFG to the scalp. This analysis used the CDR value in the

Table 5 Scheffé-controlled post-hoc tests for the ROI Group X Head
Model interaction on the CDR values in the VOT, Occipital, and
Temporal ROIs

Head model Fopors Tor RO Fy o Fenoge n
(12, 400), (12, 400),
p=0.05 p=0.01
Participant- 77.42 21.31 26.75 0.162
specific
Close 46.47 21.31 26.75 0.104
Far 26.43 21.31 26.75 0.089
Age-appropri- 39.52 21.31 26.75 0.085
ate
12-month aver-  2.87 21.31 26.75 0.007
age
12-year average  0.36 21.31 26.75 0.001
Adult average 0.36 21.31 26.75 0.001

Fgopos Tepresents the computed F value for the post hoc groups or the
Scheffé criterion for the simple effects tests, comparing the VOT to
the mean of the Occipital and Temporal ROIs. The head model types
that displayed significant ROI-group-differences are bolded
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Age-appropriate 12-Months AT 12-Years AT 20-24-Years AT

AT

model type. Head model types that showed significant between-ROI-
group differences are highlighted in red. AT average template (Color
figure online)

mFG and projected the scalp activity resulting from that
CDR. We compared the projected and the actual EEG/ERP
values. Figure 10A displays 3D plots of the scalp distribution
of the recorded N290 activity around the peak in response to
faces and toys and the scalp distributions of simulated N290
activity using each head model type for an example infant,
and using the mFG CDR. The scalp distribution was the
same between the recorded data from the participant and the
simulated N290 activity from the participant-specific head
model. The distribution pattern was similar for the “close”,
“far”, age-appropriate average template, and 12-month aver-
age template, but noticeably different for the child and adult
average template. Figure 10B presents the RDM difference
score between the given head model and the participant-
specific head model by head model types using the CDR
for the whole head, mFG, VOT, Occipital, and Temporal
regions. The difference in the topographical distribution of
the simulated N290 activity using “close” and participant-
specific head model was small for in the mFG face process-
ing region, the Occipital region, and across the whole head.
The age-appropriate average template showed a considerable
difference to the participant-specific head model in the mFG
but exhibited a smaller difference across the whole head and
in the Occipital and Temporal regions. The adult average
template did not show a close fit with the participant-specific
head model across the whole head or in individual ROIs.
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Fig.7 Cumulative relative frequency of the CDR absolute difference
values between the subject-specific and each of the “substitute” head
models. The CDR absolute difference values were presented sepa-

Fig.8 Three-dimensional
renderings of the CDR values
around the peak of the N290
component (— 12 ms to 12 ms)
by task stimulus type and head
model type for an example
infant (7.5 months old). The
middle fusiform gyrus (mFG)
is displayed as the teal region
in the head model. The mFG in
each head model is outlined in
yellow. Additional plots for the
12-month, 12-year, and adult
average templates are displayed
in Supplementary Fig. 7. AT
average template (Color figure
online)

Participant-specific

Discussion

The primary objective of the study was to compare CDR
values estimated using realistic head models constructed

0.6
CDR Absolute Difference (nA/mm?)

rately for all ROISs, the Ventral Occipital Temporal (VOT) region, and
the middle fusiform gyrus (mFG). The horizontal grey lines represent
5% and 95% of cumulative relative frequency

“

Close Age-appropriate AT

Faces

Toys

from infants’ participant-specific MRIs with a series of
substitute head models. We used FEM models constructed
using a participant’s own MRI, an MRI from a different
participant at the same age with head size “close” or “far”
in distance, an age-appropriate average template, and three
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age-inappropriate average templates. The participant-spe-
cific, close, and far head models result in similar stimulus
effects in the mFG ROI. The “close”, “far”, and age-appro-
priate average template preserved the participant-specific
topographical distribution of source activities. This was
characterized by enhanced activations to faces in the VOT
ROI, and higher within-subject correlations with the partici-
pant-specific MRI FEM models. The three age-inappropriate
average templates, 12 months, 12 years, and adults, did not
show the same significant stimulus effects in the mFG, did
not preserve the topographical distribution of effects across
ROIs within a subject, and showed the lowest correlations
with the participant-specific MRI FEM models. The present
findings underscored the importance of using age-matched
head models for source localization in infants. The “close”
head models provide an optimal fit with the participant-
specific head models.

The current findings are consistent with existing evidence
suggesting that substitute head models that closely represent
participants’ individual variability in head geometry yield
the best fit with participant-specific head models. Guy et al.
(under review) showed that the risk-group-specific average
template constructed from a large MRI database yielded
source activation results more like the participant-specific
head models compared to the study-specific and age-appro-
priate average templates. Furthermore, source analysis using
participant-specific head models and risk-group-specific
average template as the substitute confirmed that the differ-
entiation of source response to faces versus toys was greatest
at the mFG across all participants. The analysis also revealed
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group differences in the pattern of source activations across
face-processing-related ROIs in response to faces and toys.
The present study extended from Guy et al. (under review)
by including age-matched, individual-based substitute head
models. We showed that head models that were more rep-
resentative of individual differences in head structures pro-
vided better fit to the participant-specific head models than
the age-appropriate average templates.

Cortical source localization studies of infant EEG/ERP
responses to faces have used a single-infant MRI template,
age-appropriate average templates, and “close” head mod-
els as substitute head models. Johnson et al. (2005) used a
2-year-old MRI template to localize the cortical generator
of the N290 ERP to faces. They localized N290 responses
to upright and inverted faces to the fusiform gyrus, the right
superior temporal sulcus and surrounding temporal regions.
Xie et al. (2019a, b) used age-appropriate average templates.
They localized N290 responses to emotional faces to the
fusiform gyrus and the inferior occipital gyrus. Our findings
with individual-based head models were consistent with pre-
vious studies that used both participant-specific head models
and “close” head models as substitutes (Conte et al. 2020;
Guy et al. 2016). The findings collectively suggest that the
N290 activities are localized in the VOT network, with the
mFG shows the greatest response to faces relative to non-
face objects.

Our findings show that the “close” head models preserved
the increased source response to faces relative to toys at the
mFG (Fig. 5). They produced similar topographical distri-
butions as the participant-specific head models in source
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Fig.10 The simulated N290 surrounding the peak (— 12 ms
to+ 12 ms) in response to faces and toys as a function of head model.
A Three-dimensional plots of the scalp distribution of the recorded
N290 activity around the peak in response to faces and toys and the
scalp distributions of simulated N290 activity by head model type for

activations (Fig. 7) and simulated scalp N290 activities
across the whole brain (Fig. 10). We speculate that there
are several reasons that the “close” head model minimized

an example infant (7.5 months old). B The difference between RDM
for the given head model and the participant-specific head model
by head model types for the whole head, the middle fusiform gyrus
(mFG), the Ventral Occipital Temporal (VOT), Occipital, and Tem-
poral regions. AT average template

source localization errors. First, they may provide a better
approximation of electrode placement positions. Our indi-
vidualized approach for electrode co-registration accounts

@ Springer



412

Brain Topography (2022) 35:398-415

for individual differences in head geometry, thus constrains
source locations to a realistic topography for the individual
(Reynolds and Richards 2009; Richards et al. 2015a; Wang
and Gotman 2001). A partial reason for the similar effects
for the participants-specific and the “close” head model may
be due to the electrodes falling on the same scalp locations
and similar cortical development related to head size. Sec-
ond, the “close” head models may provide a better spatial
representation of the tissue types in the head. The realis-
tic head models constructed from the age- and head-size-
matched MRIs likely provide developmentally appropriate
descriptions of head and brain tissues. Evidence has shown
that the inclusion of CSF and GM/WM distinction in head
models significantly improved accuracy in forward modeling
(Azizollahi et al. 2016) and source localization (Azizollahi
et al. 2020; Conte and Richards 2021). Our FEM models
accurately model both superficial CSF and intraventricu-
lar CSF and thus improve source localization accuracy in
infants (Conte and Richards 2021). The similar age and head
size likely produced a similar CSF profile and thus similar
CDR results. Third, the “close” head models may provide a
better approximation of the individual’s head geometry. The
“close” head models may minimize differences in head size,
tissue geometry, and electrode locations with the infant’s
participant-specific head model can successfully maintain
the accuracy of source localization.

The use of average templates is less optimal than indi-
vidual-based head models for source localization. Average
templates and the associated source space may not account
for individual differences in anatomical structures, electri-
cal properties of the head tissues, and locations of the ROI
(Conte and Richards 2022; Reynolds and Richards 2009).
For example, the low between-subject correlation of mean
CDR values at the mFG shown in Fig. 9A may be driven by
large between-individual variations in the fit between par-
ticipant-specific head models and the age-appropriate aver-
age template. Average templates may also have smoothed
out or misplaced the source activities that occurred in the
relatively small mFG ROI (Fig. 8). It is possible that the
stimulus effect on source activities were localized to a dif-
ferent region within the VOT network due to differences in
electrode placement between the individual and the average
templates.

Neither the age-appropriate nor age-inappropriate (12-
month, 12-year, and adult) average templates yielded satis-
factory fit with source solutions from the participant-specific
head models compared to individual-based “close” head
models. The age-appropriate average templates produced
source activities and simulated N290 scalp activities with
comparable topographical distributions as the individual-
based head models across ROIs (Figs. 6, 7, 9B, and 10).
However, the use of age-appropriate average template failed
to detect the stimulus effect on source activations at the mFG
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as estimated with individual-based head models (Fig. 5). The
age-inappropriate average templates yielded a worse fit the
participant-specific head models compared to age-matched
head models. The age-inappropriate average templates dis-
guised the stimulus effect at the key face area (Figs. 4, 5).
They altered the signal topography estimated using infants’
participant-specific head models (Figs. 7, 9B). Differences
in head size and brain structural characteristics between the
participant-specific head models and the age-inappropriate
average templates contribute to the errors in forward model
estimations and source localization. Child and adult head
models have greater scalp-to-cortex distances than infant
head models (Beauchamp et al. 2011; Fu and Richards
2021). Some of structural difference can be attributed to
increased skull thickness (Hansman 1966) and CSF volume
(Makropoulos et al. 2016) during development. There is also
extensive growth in the GM, WM, and global brain volume
(Gilmore et al. 2011; Makropoulos et al. 2016; Richards
and Conte 2020; Richards and Xie 2015). Inaccurate repre-
sentations of the anatomical geometry of brain tissue seg-
ments can lead to estimation errors of forward models (Cho
et al. 2015; Vorwerk et al. 2014, 2018), which may have
happened with the age-inappropriate average templates. The
use of child and adult head models may lead to exclusion
or misrepresentation of intraventricular CSF in infant head
models (Conte and Richards 2021). Together, the present
studies have demonstrated that it is less optimal to use aver-
age templates compared to “close” head models, and it is
inappropriate to use age-inappropriate average templates for
source localization in infants.

Our findings underscored the benefits of using individ-
ual-based “close” head models when the participant-specific
head models are unavailable. In the case that the participant’s
head measurements were not collected, our findings indicate
that a random selection of an individual head model with the
same age as the study participant or an age-appropriate aver-
age template would be superior to using age-inappropriate
average template. If researchers do not have access to age-
matched individual head models, we recommend research-
ers use age-appropriate or study-specific average templates
(Conte and Richards 2022; Guy et al. under review).

A limitation of the current study is that we did not set
age-specific conductivity values for the tissue segments.
Infants have higher skull conductivity than adults (Oda-
baee et al. 2014). This can be attributed to thinner skull
the presence of fontanels and skull sutures in infants (Hans-
man 1966). Some studies in infants and pediatric samples
have adopted a higher skull conductivity value than the pre-
sent study (e.g., Himéldinen et al. 2011; Lai et al. 2005),
although these studies used spherical shell head models.
There are also age-related changes in GM and WM conduc-
tivity during myelination (Azizollahi et al. 2016). Inaccurate
specification of the skull conductivity (Lew et al. 2013) and
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the differential conductivity of GM and WM (Azizollahi
et al. 2016) can negatively affect the accuracy of forward
modeling and source localization. Future research is needed
to identify the age-specific ranges of conductivity values for
different tissue types.

In summary, the present study built from existing
research that has identified the mFG and the surrounding
VOT network as the cortical generator of enhanced N290
responses to faces relative to non-face objects in infants.
We compared source activities in response to the task stim-
uli at the mFG and face-processing-related ROIs estimated
using participant-specific ROIs and a series of alternative
head models. The “close” head models yielded the best fit
with the participant-specific head models in source activi-
ties at the mFG and across face-processing-related regions
of interest. The age-appropriate average template showed
mixed results, not supporting the full significance tests for
the stimulus effect but showed topographical distributions
across the ROIs like the participant-specific model. The
present findings indicated that the “close” head models
are the most optimal substitute when participant-specific
MRIs were not available.
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tary material available at https://doi.org/10.1007/s10548-022-00899-9.
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