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ARTICLE INFO ABSTRACT

Keywords: Cortical source analysis of electroencephalographic (EEG) signals has become an important tool in the analysis of
Source analysis brain activity. The aim of source analysis is to reconstruct the cortical generators (sources) of the EEG signal
EEG recorded on the scalp. The quality of the source reconstruction relies on the accuracy of the forward problem, and
Realistic head model . Lo . . . .

Infancy consequently the inverse problem. An accurate forward solution is obtained when an appropriate imaging mo-

dality (i.e., structural magnetic resonance imaging — MRI) is used to describe the head geometry, precise elec-
trode locations are identified with 3D maps of the sensor positions on the scalp, and realistic conductivity values
are determined for each tissue type of the head model. Together these parameters contribute to the definition of
realistic head models. Here, we describe the steps necessary to reconstruct the cortical generators of the EEG
signal recorded on the scalp. We provide an example of source reconstruction of event-related potentials (ERPs)
during a face-processing task performed by a 6-month-old infant. We discuss the adjustments necessary to
perform source analysis with measures different from the ERPs. The proposed pipeline can be applied to the
investigation of different cognitive tasks in both younger and older participants.

1. Introduction

Cortical source analysis of the electroencephalographic (EEG) signal
has become an important neuroimaging tool for the localization of
functional brain responses across the lifespan. The development of pe-
diatric neuroimaging has been limited by practical and procedural
challenges posed by participants in experimental settings. The most
widely used technique to localize functional brain responses during
cognitive tasks, functional magnetic resonance imaging (fMRI), has been
recently adopted in studies with pediatric populations. However, it faces
several limitations with very young participants, as fMRI is most suc-
cessful when infants are asleep or sedated (Raschle et al., 2012). Studies
implementing fMRI acquisitions to investigate the neural responses
during cognitive tasks were recently applied to awake infants and tod-
dlers performing visual (Ellis et al., 2021a, 2021b, 2021c), attentional
(Ellis et al., 2021a, 2021b, 2021c), and statistical learning tasks (Ellis
et al., 2021a, 2021b, 2021c). These promising first applications of fMRI
protocols are still affected by a high attrition rate and small sample sizes.
On the other hand, increased scanning success and fewer procedural
difficulties are reported for late toddlers and older participants (Hendrix
and Thomason, 2021, Preprint).
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EEG is one of the foremost neuroimaging methods in infant research
thanks to advances in recording procedures and signal analysis (Van-
hatalo and Fransson, 2016). Its high temporal resolution allows EEG to
capture the dynamics of neural responses with advantageous applica-
bility to young populations. Moreover, the high temporal resolution of
EEG can capture events in the order of milliseconds, without the
constraint of the slower hemodynamic response (~seconds) on which
the fMRI relies. The poor spatial resolution that characterizes EEG could
be overcome by applying source analysis computations to identify the
neural generator(s) of the activity recorded on the scalp. Cortical source
analysis uses the scalp recording on the outside of the head and
computationally infers the sources that generate the signal in the cortex.
Accurate modeling of the electrode locations, head geometry, and con-
ductivity properties of the different tissues traveled by the EEG potential
determines the accuracy of the source localization. Thus, the combina-
tion of functional activity provided by EEG signals (e.g., changes in
amplitude and latency), structural anatomy obtained through structural
MRI acquisitions, and advanced methods of data processing and analysis
define the source analysis approach to the investigation of brain
development.

Source analysis procedures could be based on equivalent current
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dipoles methods or distributed source methods. The equivalent current
dipole approach is based on the assumption that the EEG potential can
be mimicked as a single or multiple discrete dipoles, the location of
which is defined a priori. Such an approach has been implemented to the
investigation of cognitive processes, including the developmental
changes of late auditory evoked potentials in children and adults. Spe-
cifically, both amplitude and latency of peak of dipole activity in
response to pure tones showed significant reductions until the age of 16
years. In adults, a new component is generated and reflected in the
variability of tangential and radial orientations of the dipoles in the
temporal lobe (Albrecht et al., 2000).

Dipole source models have been applied in another study to the
investigation of auditory change detection mechanisms in 6-month-old
infants. The negative and positive peaks elicited during the discrimi-
nation of sounds showed to be localized in the supratemporal and frontal
areas (Hamalainen et al., 2011). In a similar study, the time course of
brain activity was evaluated in 6-month-old infants processing speech
information (i.e., consonant-vowel syllables). Results showed that in-
fants’ responses were localized in similar areas to that reported in adults,
but with different timing of activation. The earlier activation of the
anterior cingulate cortex compared with the activity in the temporal
areas may rely on the difference in the maturation of limbic and cortical
areas, with important consequences on the distribution of functional
responses to speech sounds (Ortiz-Mantilla et al., 2012). A similar source
analysis approach was implemented in the investigation of differences
between infants with and without a family history of language and
learning impairment (LLI). Different lateralization of the source of
auditory signals characterized the brain activity of infants at risk for LLI,
in the form of reduced left lateralization and increased right lateraliza-
tion of the auditory cortex (Cantiani et al., 2019).

The multiple discrete dipole approach was also applied to the source
of infants’ neural responses in the visual domain to looming danger
stimuli. Results showed a pattern of development in the second half of
the first year of life (Van Der Weel and Van Der Meer, 2009). The
response of the visual cortex differentiates three looming speeds in 10-
to 11-month-old infants but not in 5- to 7-month-old infants. Interest-
ingly, an intermediate level of development characterized the neural
response of infants at 8-9 months, suggesting a potential relationship
between the perceptual abilities for sensing looming danger and infants’
improvements in locomotion (Van Der Weel and Van Der Meer, 2009).

Distributed source modeling approach estimates the spatial distri-
bution of neural current over a defined source space, which is usually
constrained to the cortical surfaces. This analysis computes the current
density across distributed brain areas that together generate the pattern
of scalp activity. Several studies implemented the distributed source
approach to the EEG recordings with pediatric populations and aimed to
investigate a wide range of cognitive tasks (Buzzell et al., 2017;
Ladouceur et al., 2006). For instance, distributed source analysis
methods were applied to the investigation of covert orienting, famil-
iarization, and visual attention in infants. Pre-saccadic responses of the
P1 ERP that were generated in the superior frontal gyrus were sensitive
to the validity effect (i.e., larger for cued than un-cued locations), and
showed an increase in magnitude between 3 and 5 months of age
(Richards, 2005). Neural correlates of attention and recognition mem-
ory in infants, represented by the Nc response to familiar and unfamiliar
visual stimuli, were localized in the prefrontal and anterior cingulate
cortices and modulated by stimulus familiarity (Reynolds and Richards,
2005).

The examination of developmental changes in face-processing in
infancy also benefited from the investigation of the neural generators via
distributed source analysis methods. The different ERP components
involved in the processing of faces (i.e., P1, N290, P400, and Nc) showed
specific brain localizations and increased activity in the first year of life.
In particular, the N290 component showed similar functional responses
and localization to the N170 activity reported in adult studies, sug-
gesting being the most likely neural marker of face processing in infancy
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(Conte et al., 2020; Guy et al., 2016). Both the N290 and P400/Nc
components showed to be involved in the processing of specific
emotional faces and localized in the fusiform gyrus and posterior
cingulate cortex, respectively (Xie et al., 2019).

Source analysis may be used as a method to assess EEG functional
connectivity. Functional connectivity with EEG is typically done on the
scalp-electrode level and shows the correlation observed between
different electrodes using phase-coupling. Functional connectivity with
EEG may be done at the source level. This reveals connectivity between
cortical sources rather than scalp locations. Source analysis applied to
infant EEG functional connectivity localized the attenuation of the alpha
band during periods of attention in regions of the default mode network
(Xie et al., 2018). In a similar manner, the distribution of cortical sources
in 3-month-old infants detecting changes in object identity and number
revealed a similar cortical distribution to the one observed in children
and adults. Changes in object identity were localized in areas of the
ventral temporal cortex, while changes in number were processed in
prefrontal networks (Izard et al., 2008).

Overall, these results show how source analysis may be used in the
localization of EEG brain activity recorded on the scalp during a wide
range of cognitive tasks and provide further knowledge on the functional
organization of the brain. One caution to the use of source analysis with
pediatric populations is the need for realistic head models that reflect an
accurate representation of the individual’s head. The gold standard in
this regard is to use structural MRIs from individual participants to
construct the fundamental properties of the source analysis. This
approach would account for individual differences in the head geome-
try, which can affect pediatric samples to a larger degree than adults
because of the different growth rates to which head and brain changes
occur at young ages. For instance, the relationship between brain and
skull widely varies between adults and infants. The cranial bones are
separated by fontanels and sutures for several months after full-term
birth. This characteristic of the human skull assists the growth of the
brain and has an impact on the conductivity properties of the
compartment (Azizollahi et al., 2020; Flemming et al., 2005; Gargiulo
et al., 2015; Lew et al., 2013). The increase in the corticospinal fluid
(CSF) in infancy and toddlerhood contributes to the changes in the
brain-scalp distance, with important implications on the source signal
magnitude (Azizollahi et al., 2016; Beauchamp et al., 2011).

Moreover, the inverse solution can become more precise if individ-
ual, realistic head models are used (Vanrumste et al., 2002), especially
in those regions that are not well described with spheric models (e.g.,
temporal lobes), and for studies including clinical samples with struc-
tural brain alterations (e.g., lesions, tumors). Additional precautions
should be taken by developmental researchers on procedures for elec-
trode locations. EEG net placement can rather vary between young
participants, thus the use of standard electrode montage should be
avoided.

We provide in the current paper an overview of the processing steps
to reconstruct the cortical generators of high-density EEG, discussing
some alternative solutions for developmental researchers. We performed
an example of distributed source analysis with data from one 6-month-
old participant and a representative sample of 12-month-old infants. The
proposed source analysis pipeline will be applied to the amplitude
values of the P400 ERP component in response to upright and inverted
faces and houses. We will discuss alternative approaches to perform
source analysis when individual structural MRIs or digital electrode
locations are not available. Lastly, we will briefly discuss the adjustment
required to conduct source analysis of non-ERP measures (e.g., fre-
quency bands, connectivity) of functional activity. The suggested pro-
cedure can be implemented in the investigation of the neural generator
of cognitive and perceptual processes in infants and children. Average
template-based head models and MATLAB programs are made freely
available to use for source analysis in pediatric participants.
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2. Source analysis pipeline overview

The EEG potential changes recorded on the scalp are caused by post-
synaptic electrical potentials occurring during cortical activity. The
potential changes on the scalp are summed electrical activity from a
wide variety of sources so that there is not a veridical relation between
electrode location on the scalp and the underlying cortical sources.
Cortical source analysis methods have been developed as quantitative
tools to identify the generator(s) of the cortical activity.

There are several steps to compute the underlying cortical sources
from the external scalp recording. These include the so-called forward
model that describes how current travels from cortical areas (i.e., source
model) through the conductive tissues in the head (i.e., head model) to
the electrodes (i.e., electrode placement). The forward model compu-
tation results in the lead-field matrix, which describes the relationship
between the electrode locations on the scalp (leads) and the conductive
electrical fields in the head (fields)Accurate computation of the forward
model requires realistic modeling of the media inside the head. This is
best accomplished with a structural MRI of the participant for whom the
source reconstruction is being done (Dale et al., 1999). Boundary
element (BE; Crouzeix et al., 1999) and finite element methods (FE;
Vorwerk et al., 2012) can be utilized to create realistic head models.

Once the forward model constituents are computed, an inverse
spatial filter can be constructed to solve the inverse problem. The inverse
model multiplies the scalp-recorded EEG/ERP by the inverse spatial
filter to generate the pattern of cortical sources inside the head. This step
generates many voxels from a minimal set of electrodes. The procedure
is defined as the inverse problem and its solution is undetermined. This
issue is resolved by selecting parameters to restrict the inverse space
computation to theoretical distributions. There are a number of sug-
gested inverse method procedures (e.g., minimum norm estimation,
MNE; LORETA; sLORETA; eLORETA; for a review, see Grech et al.,
2008).

We use a distributed source analysis method that does not require an
assumption on the number of dipoles; the source space is created by
using a realistic head model, derived from MRI (Dale et al., 1999); the
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eLORETA method is used as the inverse constraint. A schematic illus-
tration of the matrices for the forward and inverse computations is
shown in Fig. 1.

A visual representation of the source analysis pipeline is reported in
Fig. 2 and can be summarized in the following steps:

1. EEG and MRI preprocessing. Accurate MRI selection could be
implemented as an alternative to the individual volume if not
available.

2. Creation of the 3D coordinates of electrode location and co-
registration to the MRI head volume.

3. MRI head volume segmentation using the FE or BE methods as the
numerical technique.

4. Calculation of the lead field matrix with the source space limited to
the gray matter.

5. Application of the exact low-resolution brain electromagnetic to-
mography (eLORETA) algorithm to solve the inverse problem.

6. Source estimation and voxel-wise power calculation.

7. Application of the ROI spatial filter to the source values for statistical
analyses.

FEM = finite element method; BEM = boundary element method;
CDR = current density reconstruction; SVD = singular value decompo-
sition; (0) = optional output.

2.1. EEG and MRI preprocessing

It is critical to obtain data from raw EEG with minimum artifacts for
each participant for accurate source reconstruction. Both segmented
EEG recordings and averaged ERP datasets can be utilized as input for
the source analysis procedure. It is beyond the scope of the current work
to discuss the EEG preprocessing procedures in developmental research.
Additional details can be found elsewhere (Debnath et al., 2020;
Gabard-Durnam et al., 2018). Reliable neural generators can be recon-
structed using EEG signals in which the noise from non-brain sources (e.
g., eye artifacts) is minimized. Thus, data preparation for source analysis

Fields ] [ Sources |

Volume/Surface

Recovering sources from scalp current - inverse model

3

[ Inverse spatial filter ] ‘
eLORETA constraint

[ Electrodes ]

Scalp current
EEG, ERP

Fig. 1. Schematic illustration of the forward (top) and inverse (bottom) models. From left to right on the top row the elements correspond to the EEG/ERP scalp
recording, the electrode locations, the MRI-derived geometry and conductivity of the participant’s head, the source space, and the source generators expressed as a

current density map.
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Fig. 2. Schematic representation of the suggested source analysis procedure.

should follow the same principles used to obtain reliable signals for EEG
analyses. Moreover, a high-density EEG system would allow the explo-
ration of a wider range of source generators and take into account in-
dividual differences in the scalp distributions. We provided evidence in
previous works that high-density EEG recordings provide a representa-
tion of the electrical scalp potential that a montage with fewer channels
would not capture (Gao et al., 2019; Reynolds and Richards, 2009).
Similarly, Song and colleagues reported that source solution accuracy
increased when electrodes were placed to cover the whole head (i.e.,
including lower areas of the head) vs. electrode montages restricted to
the superior head surface (Song et al., 2015). Thus, the use of a
high-density (e.g., 64 channels or higher) and distributed montage is
recommended for the implementation of source localization techniques
(Seeck et al., 2017; Sohrabpour et al., 2015; Song et al., 2015).

An important step to accurately localize the neural generator(s) of
the EEG distribution on the scalp consists in the construction of a real-
istic head model. Adult anatomy and parameters cannot be directly
applied to participants in pediatric studies. The use of individual MRI
scans overcomes the localization errors resulting from the use of adult
head models for source analysis of pediatric EEG data. Individual MRIs
guarantee a description of the head geometry and anatomy tailored to
each participant.

The gold standard for source analysis head models is the MRI of the
individual participant. However, structural MRI acquisitions can be
challenging especially in very young participants, thus limiting the
possibility of obtaining good quality images. Two alternative ap-
proaches to obtain realistic head models can be implemented when in-
dividual MRIs are not available. First, an MRI close in size to the
participant’s head and demographic characteristics can be selected from
a freely available MRI database (e.g., the Neurodevelopmental MRI
Database; Richards et al., 2015b; Richards and Xie, 2015). This solution
requires collecting precise head measures of the participant’s head to
find the ideal match within a set of MRIs. We recommend obtaining
multiple head measures, in order to obtain a description of the complex
head shape as accurately as possible. A schematic representation of the

head measurements is represented in Fig. 3. A flexible non-stretchable
measuring tape and head calipers could be used to obtain accurate
measures of the head circumference, front-to-back distance, and
side-to-side distance. Second, an alternative option to the individual
MRI is the use of age-appropriate average templates. MRI templates are
constructed using acquisitions from a number of subjects. It is critical for
developmental studies that the selected MRI template includes partici-
pants within the age range under investigation to capture appropriate
features of the developing brain. Therefore, an age-appropriate average
template can be utilized as a surrogate MRI for the head model con-
struction, even in absence of the participant’s head measures.

2.2. Electrode locations

An accurate co-registration of electrode positions with the MRI vol-
ume is an important requirement for realistic head models (Wang and
Gotman, 2001). Average electrode locations do not reflect the actual net
placement because of idiosyncratic differences in the participants’ head
shape, especially in infancy and childhood. Therefore, localizer systems
should be implemented to define the analytical position of the electrodes
on the scalp (Richards et al., 2015a). Many devices use different ap-
proaches to locate the electrodes in 3D space on the participant’s head,
e.g., electromagnetic field (e.g., 3-Space Fastrak-Polhemus, Colchester,
VT, USA) or pictures (Geodesic Photogrammetry System (GPS), EGI,
Inc.; Russell et al., 2005). In absence of a localizer system, pictures of the
participant’s net placement can be utilized to locate the electrodes in 3D
space. The position of a few electrodes around the head can be utilized as
fiducial markers for the reconstruction of all electrode placements. We
suggest the use of 5 fiducial markers corresponding to the vertex, nasion,
inion, and left and right preauricular, respectively Cz, 17, 75, 57, and
100 electrodes on the Hydrocel Geodesic Sensor Net (HGSN) 128-chan-
nel net. Pictures of the net placement may be taken to locate the fiducial
markers on the participant’s head, and manually placed on the MRI. The
coordinates of the fiducial points are utilized to reconstruct the position
of the remaining electrodes and co-registered to the MRI head. In Fig. 4
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Fig. 3. Schematic illustration of the head measures to select the close in size MRI. Head width and length could be obtained through the use of a caliper (top panels).
Head circumference (yellow line), sagittal (orange line), coronal (red line), and the frontal (blue line) and rear (green) semi-circumference measures may be obtained
with a flexible tape.

Fig. 4. 3D rendering view of the electrode location co-registered to the individual MRI (bottom right panel). Participant-specific electrode locations can be
determined from pictures of the net placement (red box and electrodes) or from a digitalized representation of all electrode placements (green box and electrodes).

we provide an example of the pictures used for marking fiducials on an Additional work is necessary to perform quantitative comparisons be-
individual MRI and the HGSN 128-channel positions calculated with the tween the alternative solutions to the electrodes’ placements.
Photogrammetry system co-registered to the MRI head volume.
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2.3. Head model construction

The forward solution in source analysis is obtained through the lead
field matrix. The lead field matrix is calculated based on the source
model, the head model, and the electrode placements (Fig. 1). The head
model describes the head geometry and conductivity values of the
considered compartments. Individualized head models come from an
accurate segmentation of participants’ MRIs and the use of age-
appropriate conductivity values (Azizollahi et al., 2016). Several simu-
lation studies have been conducted to define the effect of the head model
on the accuracy of source localization (Conte and Richards, 2021a,
2021b; Hallez et al., 2007; Michel et al., 2004; Vorwerk et al., 2014).
The main conclusions are that realistic head models should be preferred
over simplified representations of the head (e.g., three-compartment
concentric spheres) and at least five compartments should be modeled
(i.e., skin, skull, CSF, GM, and WM; Conte and Richards, 2021a, 2021b;
Vorwerk et al.,, 2018). In young infants, the exclusion of the CSF
compartment from the head model has a bigger impact than the
GM/WM distinction, and the exclusion of the fontanelles has produced
local imprecisions in the source localization of areas underneath the
fontanelles (Azizollahi et al., 2016).

Additional consideration should be given to the determination of
conductivity values for the different compartments modeled for source
localization. Age changes in tissue conductivity occur due to the
different compositions of the different head media. High variability has
been reposted in the estimation of brain-to-skull conductivity ratio in
adults and young children, whereas a relatively consistent conductivity
has been reposted for the remaining tissues. The skull compartment
undergoes important changes due to its progressive ossification.
Furthermore, the conductivity of the skull compartment in infancy is not
uniform across its surface due to the presence of fontanelles, the closure
of which does not complete until about 2 years of age (Duc and Largo,
1986). Several approaches have been implemented to estimate the best
conductivity values for young children. For instance, Hamaldinen and
colleagues (2011) fitted an exponential function to the available values
in the literature to obtain an estimate of the skull conductivity for the
age of interest (Hamalainen et al., 2011).

A more recent approach tried to estimate the brain-to-skull con-
ductivity ratio at the participant level via an iterative gradient-based
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approach based on near-dipolar EEG independent components defined
by ICA (i.e., Simultaneous tissue Conductivity And source Location
Estimation — SCALE; Akalin Acar et al., 2016a). The SCALE approach has
been utilized with 12-month-old infant data and produced an estimation
of conductivity ratio in the range of 9.8-12.1, suggesting a high
inter-individual variability likely due to different maturational differ-
ences (Akalin Acar et al., 2016b). Further investigations need to be
conducted to define the impact of inaccuracies in modeling conductivity
values of the head tissue compartments on the localization of the elec-
trical activity when important developmental structural changes occur.

Each medium in the FE method models can be represented with
hexahedral or tetrahedral meshes. Both hexahedral and tetrahedral
meshes perform well and show minimal differences in source analysis
accuracy in studies with adult participants (Vorwerk et al., 2014, 2018;
Wolters et al., 2007). Computational factors may be considered when
deciding for the type of mesh to create. The tetrahedralization process is
more complex and time consuming than hexahedral models generated
directly from the MRI segmentation process. Here, we differentiate in
our head models 10 different compartments (i.e., scalp, skull, dura,
muscle, eyes, nasal cavity, CSF, GM, WM, and non-myelinated axons)
and report source results obtained with both mesh types. A represen-
tation of the head model with hexahedral and tetrahedral meshes is
reported in Fig. 5.

Lastly, a numerical solution to the forward problem needs to be
incorporated when realistic head models are considered. Different
methods have been proposed for the forward problem solution
(Hamalainen and Sarvas, 1989; Vatta et al., 2009; Vorwerk et al., 2017;
Wolters et al., 2007). The most commonly used methods are the
boundary element (BE) and finite element (FE). The former is usually
implemented in models with hierarchical compartments, while the latter
is used for more complex head geometries and it has been shown to
achieve higher numerical accuracy (Vorwerk et al., 2018). FE models
may be especially important for infants as they allow the identification
of intraventricular CSF, which is not possible in BE compartment models
(Conte and Richards, 2021a, 2021b).

2.4. Lead field and inverse solution

Electrode locations and head models are mathematically expressed

= Scalp

= Skull

= Dura

= Muscle

= Eyes

= Nasal cavity

= CSF

= GM

= WM

= Non-myelinated
axons

Fig. 5. Individual MRI segmentation output represented with hexahedral (panel a) and tetrahedral (panel b) meshes.
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with the lead field matrix, which is used to solve the forward problem
(for a review, see Hallez et al., 2007). The potentials at the electrodes are
calculated based on the head model configuration. The sources that can
explain the measured signal are reconstructed in source analysis (for a
review, see Grech et al., 2008). The inverse problem occurs because of
the ill-posed relation between electrodes and the inverse source model, i.
e., few electrodes record the activity coming from several sources. There
are a number of suggested inverse method procedures (e.g., minimum
norm estimation; LORETA; sSLORETA; eLORETA,; for a review, see Grech
etal., 2008). We use a distributed source analysis approach that does not
require an assumption on the number of dipoles; the source space is
created by using a realistic head model, derived from MRI (Dale et al.,
1999); the eLORETA method (Pasqual-Marqui, 2007) is used as the re-
striction for the inverse problem; we use the GM and eyes as the source
model (i.e., source grid in Fig. 2) with a 2 mm resolution for the hex-
ahedral solution.

2.5. Source estimation

The source activation is represented in each voxel of the source space
with a vector composed of three parameters, one per dimension in the
space. The current density reconstruction (CDR) is then reduced to a
single value by calculating the magnitude of the 3-dimensional vector
(here referred to as the CDR approach) at each voxel location. Following
this approach, high values in the original EEG data result in high CDR
values, regardless of the polarity in the EEG signal. Alternatively, the
singular value decomposition (SVD) can be utilized as a projection
method. Differently from the CDR method, the polarity of the EEG ac-
tivity is preserved in the reconstructed source. The SVD approach has
been suggested to provide robust results in ERP source analysis and
advantages in studies performing time-frequency decompositions and
connectivity analysis (Rubega et al., 2019).

2.6. Study-specific atlas

The estimation of the current density is meaningful in a cluster of
connected voxels covering some anatomical regions of interest (ROISs).
Therefore, the source solution obtained across all voxels in the brain can
be reduced to reflect the activity of a smaller number of ROIs. Study-
specific atlases can be generated by registering existing stereotaxic
atlases (e.g., Fillmore et al., 2015; Fonov et al., 2011; Oishi et al., 2019;
Shi et al., 2011) to each participant and selecting specific ROIs. Alter-
natively, functional areas resulting from fMRI studies can be translated
into binary representations of ROIs. A reduction of the voxel-wise source
solution is performed by averaging the activity within the cluster of
voxels comprising each ROI This approach has the advantage of
improving the signal-to-noise ratio within each ROI and reducing the
number of statistical comparisons that could lead to family-wise error
rates. The resulting output would consist of the source activity —
expressed as CDR or SVD values - of each experimental condition and
ROL

The specifications for and results from one EEG recording from a 6-
month-old infant are provided in the following sections. The EEG, MRI,
and source analysis files contributing to this example may be accessed at
https://osf.io/knf9t/. Results are reported for source analysis proced-
ures performed on the participant’s MRI, close MRI, and age-appropriate
MRI template. Moreover, we presented the aggregate results of five 12-
month-old infants who were part of a larger study investigating the
neural correlates of face processing. These results were obtained through
source analysis using only the age-appropriate MRI template.

3. Materials and methods
3.1. Participants and experimental procedure

Data were collected from one 6-month-old infant (M, 186 days).
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Aggregated results are reported for a representative group of five 12-
month-old infants (1 male, M age = 376.4 days). All infants were full-
term (at least 38 weeks gestation, birth weight at least 2500 g) and
healthy at birth with no known developmental anomalies. Participants
were primarily Caucasian and of middle socioeconomic status. Informed
parental consent was obtained in accordance with ethics approval from
the Institutional Review Board of the University of South Carolina.

All infants passively viewed upright, and inverted faces and houses
presented for 500 ms in random order without replacement. A variable
inter-trial interval was utilized for the sequence of stimuli and Sesame
Street videos were presented as attention-getters when infants looked
away from the screen. Further details about the EEG procedure can be
found in Conte et al. (2020). Head measurements were taken before the
beginning of the EEG task. Pictures and electrode positions via the GPS
(see Fig. 4) were taken at the end of the EEG task.

3.2. EEG data acquisition

Participants were fitted with a 128-channel HGSN matching the in-
fant’s head circumference. The EEG was recorded from 124 channels in
the electrode net and two channels over the outer canthi for electrooc-
ulogram (EOG). Impedances were kept below 100 kQ and a 0.1-100 Hz
band-pass filter was applied during the recordings. The vertex-
referenced EEG was algebraically recomputed to an average reference.
The EEG recordings were processed with the EEGLAB (version 14.1.1b)
and ERPLAB toolboxes (Delorme and Makeig, 2004; Lopez-Calderon and
Luck, 2014) within MATLAB R2019a. Channels with EEG artifacts were
identified through an automatic procedure and visual inspection and
substituted with data from the five closest electrodes. Trials with 12 or
more bad channels were rejected. Details about the EEG preprocessing
procedures can be found in Conte et al. (2020). An average of 46 good
trials were considered for the 6-month-old participant (upright face
N =43, inverted face N = 43, upright house N = 48, inverted house
N = 50). The group of 12-month-old infants had on average 31 good
trials (upright face M = 30, inverted face M = 31, upright house M = 30,
inverted house M = 31).

3.3. MRI data acquisition and preprocessing

The participant’s MRI volume was collected in a separate session on
a Siemens Magnetom Prisma 3.0 T scanner (Siemens, Erlangen, Ger-
many) with a 20-channel head coil. Whole-head T1-weighted images
were acquired with an MP-RAGE protocol using the following parame-
ters: repetition time (TR) = 3000 ms, echo time (TE) = 4.44 ms, flip
angle (FA) = 9°, field of view (FoV) =192 x 192 pixels, voxel size
=1.0 x 1.0 x 1.0 mm. The total acquisition time was 9 min and 36 s.
T2-weighted images were acquired using an SPC sequence lasting for
4 min and 32 s (TR = 4500 ms, TE = 13 ms, FoV = 192 x192 pixels,
voxel size = 1.0 x1.0 x2.5 mm). A realistic head model was obtained
from the segmentation of the MRI into 10 different tissue types (Fig. 5).
Conductivity values of each tissue type were as follow: scalp 0.35 S/m,
skull 0.0132 S/m, CSF 1.79 S/m, WM 0.2 S/m, GM 0.33 S/m, dura
0.33 S/m, muscles 0.35 S/m, eyes 0.5 S/m, and nasal cavity 0.0048 S/
m. Details about the segmenting procedure can be found elsewhere (Gao
et al., 2019; Richards, 2013).

Anatomical ROIs were defined based on anatomical stereotaxic
atlases (Fillmore et al., 2015; Gao et al., 2019; Guy et al., 2016; Heck-
emann et al., 2003, 2006; Shattuck et al., 2008). These atlases were used
to define 17 anatomical areas of interest to the hypothesis about the
neural source of face processing in infants (Conte et al., 2020; Guy et al.,
2016). A 3D rendering representation of the selected ROIs is reported in
Fig. 6.

4. Results

The ERP activity of the representative 6-month-old participant is
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= Middle Temporal Gyrus

= Superior Temporal Sulcus

= Medial Inferior Occipital Lobe

= Middle Occipital Lobe

= Lateral Inferior Occipital Lobe

= Superior Occipital Lobe

= Posterior Inferior Temporal Gyrus
= Posterior Cingulate

= Dorsal Anterior Cingulate

Fig. 6. The subset of anatomical areas defined from different atlases (LONI Probabilistic Brain Atlas, LPBA; Hammers atlas of MRIs from the IXI project). Each atlas
was registered to the 6-month-old’s MRI. Occipitotemporal and parietal areas of interest were selected.

represented in Fig. 7 as a function of stimulus type (i.e., upright and
inverted faces and houses) over parietal and parieto-occipital channels
of the 10-10 system (i.e., P7-10 and PO7-10). For the purpose of the
current work, we will focus on the P400 ERP component. The P400
ranged from about 400-600 ms after stimulus onset and was of larger
amplitude over right-lateralized electrodes (e.g., P10 and PO10). Simi-
larly, the scalp maps showed larger and right-lateralized activity in
response to faces than houses.

The estimated source was computed at each point of the source grid,
here constrained to the GM and eyes. The inverse solution was then

Parietal9

Parietal7

ParietalOccipital7 ParietalOccipital9

Amplitude (uV)

—— upright face

—— inverted face

o

—— upright house

——— inverted house

Time (ms)

15 l i
7
-15 up;Igh face inverted face

applied to the data and calculated as CDR and SVD values at each point
of the grid. The dimensions of the resulting 3D matrix were defined by
the number of points in the grid, number of conditions, and number of
time points. ApplyInverse.m applies the inverse solution to the ERP data
and calculates either the CDR or SVD values based on the user’s pref-
erence. A detailed description of the script is reported in the README
document at https://osf.io/knf9t/. The resulting 3D matrix may be
saved for visualization purposes. PlotSource.m applies interpolation
functions to the source solution (i.e., 3D matrix) and saves the source
output as a NIfTT image (for details, see README https://osf.io/knf9t/).

Parietal8 Parietal10

A

-50]
-8

Fig. 7. ERP line plots of a representative 6-month-old infant over parietal and parietal-occipital channels. The ERP activity of the whole segment is plotted as a
function of stimulus type (top panels). The scalp maps show the activity at the peak of the P400 component (i.e., 432 ms after stimulus onset) for all stimulus types.



S. Conte and J.E. Richards

A specific set of ROIs can be applied to the reconstructed source activity
and used for further analyses. The ROI set can be created from existing
stereotaxic atlases or the subject’s functional response in fMRI tasks.
ApplyROlfilter.m reduces the source solution to the selected ROIs and
computes the mean activity for each area of interest. The final solution is
expressed as a 3D matrix with the number of ROIs, number of condi-
tions, and number of time points. Results of the distributed activity at
the P400 peak in response to upright faces are reported in Fig. 8 as 3D
rendering plots. Line plots report the source activity for the four
experimental conditions in specific ROIs. The activity in both the su-
perior temporal sulcus and posterior cingulate resembled the ERP
pattern of response. In the 400-600 ms time window the response to
faces was larger than the response to houses. There seemed to be a face-
specific inversion effect at the peak of the reconstructed P400 ERP.

Similar solutions were obtained by using both an MRI close in size to
the participant’s head and the age-appropriate MRI template. Results for
the hexahedral meshes are reported in Fig. 9.

In Fig. 10 we compared the source activity in the posterior cingulate
obtained from the three different head models. The patterns of response
were similar for the three solutions. The results from the self and close
MRIs were more similar to each other than the result obtained with the
age-appropriate MRI for the grand average data across conditions.
However, only the self- and close-MRI solutions seemed to be sensitive
to the face-inversion effect. These results should be further explored in
studies with larger sample size. All in all, source analyses procedures
performed using head models tailored to the participants’ head features
and electrode locations would provide more accurate solutions. None-
theless, source solutions obtained with age-appropriate head models are
to be considered more appropriate than the use of adult head models.

Lastly, we applied the source analysis procedure to a small group of
12-month-old participants using an age-appropriate MRI template and
hexahedral meshes for the head model. Forward and inverse solutions
were applied at the participant level, and the resulting output was
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averaged across participants. Aggregated results for both the ERP and
CDR values are depicted in Fig. 11.

5. Discussion

We provided an overview of the procedure for EEG source analysis
with particular reference to the adjustments necessary to perform such
analyses with data acquired from pediatric populations. Critical aspects
for EEG source reconstruction are obtaining an accurate map of elec-
trode locations and a realistic head model. A digital map of all electrode
locations (i.e., GPS solution) is the most accurate way to obtain 3D co-
ordinates of all electrodes with a procedure that is tolerated by very
young infants. Alternatively, digital coordinates of a few fiducial elec-
trodes can be used to reconstruct the location of the remaining positions.
Fiducial electrodes can be manually placed on an MRI by trained re-
searchers using pictures of the participant’s EEG net placement when
digitalized electrode or fiducial positions are not available. We recom-
mend that pictures are taken from all head sides (see Fig. 4) at the end of
the EEG session. All these alternative solutions for electrode placement
provide realistic coordinates that take into account individual differ-
ences in head shape and net placement. Individualized electrode
placements are to be preferred to standard electrode locations coming
from adult studies (Richards et al., 2015a) in order to reduce source
localization errors (Wang and Gotman, 2001).

The head model construction is another critical step in source anal-
ysis studies. The use of realistic head models is advantageous in mini-
mizing the source localization error regardless of the age group under
investigation (Vorwerk et al., 2014). However, the scarcity of pediatric
MRIs and MRI templates has led developmental researchers to use adult
head models (Albrecht et al., 2000; van Leeuwen et al., 2007). Such an
approach increases the localization errors given the anatomical differ-
ences across participants of different ages. An optimal solution would
consist of the use of individual MRIs from which the head model is
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Fig. 8. The activity in response to upright faces at the peak of the P400 ERP (i.e., 432 ms) is plotted on the individual T1-weighted MRI. (a) Reconstructed source
activity using the individual head model reported for the two mesh types (hexahedral, tetrahedral) and source measures (CDR, SVD). (b) Line plots depict the source

activity throughout the trial duration for the four experimental conditions.
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Fig. 9. (a) Line plots and 3D renderings of the source analysis results obtained from the close-MRI head model (left panels) and the average-template head model
(right panels). (b) The 3D rendering plots show the reconstructed source in response to faces at the P400 peak plotted on the close or age-appropriate T1-weighted
MRI. (c) Line plots show the source activity for the four experimental conditions.
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Fig. 10. CDR activity in the posterior cingulate as a function of MRI type (panel a) and face orientation (panel b) for a representative participant. Note that the y-axis
scale is set to maximize each distribution. The average amplitude between 400 and 600 ms is plotted as a function of face orientation (panel c; error bars represent
the standard error of the mean). The face inversion effect within the P400 time window seems to be more pronounced when either a self or close MRI is used.

10



S. Conte and J.E. Richards

Parietal?

Parietald

Parietals

2 400 600

ParietalOccipital9

Amplitude (V)

Time (ms)

Temporal Pole

Dorsal Anterior Cingulate

Developmental Cognitive Neuroscience 54 (2022) 101092

3 3
o> 25 25 .
2 2 —— upright face
15 15
< os : MM
0.5 0.5 —— inverted face
R o d
M -500 200 400 600 800 -500 200 400 600 800
5 superior Temporal Sulcus 5 Posterior Cingulate .
a ——— upright house
U 25 2.5
2 2
1.5 1.5 .
1 1 ——— inverted house
0.5 0.5
[N 0
-500 200 400 600 800 500 200 400 600 800
Time (ms)

Fig. 11. Aggregated data from a small sample of 12-month-old participants. Top panels report the ERP response over parietal and parietal occipital channels for the
four experimental conditions, along with the scalp map at the P400 peak (i.e., 400 ms after stimulus onset) for upright faces. Bottom panels show the CDR activity in
four ROIs as a function of stimulus type and the 3D rendering of the voxel-wise source map for upright faces at the P400 peak.

defined. However, the acquisition of individual MRI volume is not al-
ways feasible, especially with very young participants, because of
practical and technical challenges that characterize the acquisition
protocol for pediatric age groups.

One solution would be to select for each participant an MRI volume
from a large set of volumes included in imaging databases. The volume
would match the participant’s head size and demographic characteris-
tics (e.g., age, biological sex). To this end, it is pivotal that accurate head
measurements are taken during the experimental session. Age-
appropriate MRI templates may be used when head measurements are
not available. The same head model and source space are used for all
participants to calculate the neural generator(s) of the scalp EEG ac-
tivity. Thus, potential individual differences may be overlooked and
result in an increase in localization error. However, small localization
errors coming from the use of average templates for the head model
construction can be compensated by averaging the source activity
within pre-defined anatomical ROIs. Results from our comparisons with
one representative participant suggest that similar source activation
patterns in the posterior cingulate result from age-appropriate head
models in the form of self MRI, close MRI, or MRI template. Further
research is necessary to better quantify the localization errors generated
with the three alternative head model solutions (Fu and Richards, 2022).

An additional challenge in the head model construction is defining
the number of different tissues to model. Findings from adult studies
using both simulation and experimental approaches seem to suggest the
critical role of modeling the CSF in the head volume conductor.
Neglecting or misidentifying the CSF has a negative impact on both
signal topography and magnitude (Conte & Richards, 2021a; Bangera
etal., 2010; Vorwerk et al., 2014). Although not yet empirically tested, it
is plausible to believe that modeling the CSF would be even more
important for developmental studies given the larger amount of this
highly conductive compartment in young participants than adults. The
distinction between GM and WM, and the inclusion of WM anisotropy
values from diffusion-weighted imaging volumes seem to be important
for accurate head modeling. The greatest improvement from anisotropic
models is obtained for sources close to a region with high anisotropy
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(Bangera et al., 2010), while it has only a marginal influence for sources
far from regions with high anisotropy (Vorwerk et al., 2014). The
variability in the amount of WM myelination in pediatric populations,
both within participants of the same age and across age groups, may
make the modeling of WM anisotropy critical for improving source
localization accuracy in developmental research.

A final highly debated topic is the use of BE or FE approaches to the
EEG forward problem. Historically, BE forward methods relied on
approximate and simplified head representations obtained by modeling
three nested compartments (i.e., skin, skull, brain) with isotropic con-
ductivity. Higher numerical accuracies can be obtained from realistic
three-compartment models using the BE approach. Nonetheless, FE
methods are able to handle both complex geometries that model non-
nested compartments (e.g., the CSF) and anisotropy (e.g., in the GM
and WM compartments). Thus, FE methods may be a preferable solution
for source analysis with pediatric datasets.

In summary, the gold standard approach for source analysis utilizes
digital maps of electrode locations and individualized head models from
the participant’s MRI. Alternative approaches can be implemented to
overcome the limitation of obtaining the electrode placements and MRI
for each participant. A map of the electrode coordinates can be recon-
structed from the coordinates of a few electrode markers using either a
neuronavigation system or pictures of the net placement. An MRI close
in size to the participant’s head or an age-appropriate MRI template can
be utilized to create the head and source models. We provided two
scripts for applying the inverse model to EEG data and performing ROI
calculations. In the examples described here, we applied the scripts to
ERP datasets but similar results can be obtained with segmented, non-
aggregated data (i.e., epoched EEG datasets). EEG input data should
be preferred for studies including time-frequency or connectivity ana-
lyses. These advanced EEG calculations that include nonlinear data
transformations can be performed voxel-wise using CDR/SVD values.
Moreover, we performed source analysis on 2 mm grids using both
hexahedral and tetrahedral meshes and calculated the inverse solution
via eLORETA. Different source spaces and inverse models may be uti-
lized as input for the current density reconstruction. Similarly, study-
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specific ROI atlases can be used as inputs in the ROI filter script. All
scripts are freely available under Creative Commons Attribution 4.0
International Public License and may be accessed at https://osf.io/
knfot/.
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