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ARTICLE INFO ABSTRACT

Keywords: The HEALthy Brain and Child Development (HBCD) Study, a multi-site prospective longitudinal cohort study,
HBCD will examine human brain, cognitive, behavioral, social, and emotional development beginning prenatally and
EEG planned through early childhood. Electroencephalography (EEG) is one of two brain imaging modalities central
itfj;fu dinal cohort to the HBCD Study. EEG records electrical signals from the scalp that reflect electrical brain activity. In addition,
Protocols the EEG signal can be synchronized to the presentation of discrete stimuli (auditory or visual) to measure specific

Resting EEG

Visual evoked potentials
Auditory oddball

Face processing

cognitive processes with excellent temporal precision (e.g., event-related potentials; ERPs). EEG is particularly
helpful for the HBCD Study as it can be used with awake, alert infants, and can be acquired continuously across
development. The current paper reviews the HBCD Study’s EEG/ERP protocol: (a) the selection and development
of the tasks (Video Resting State, Visual Evoked Potential, Auditory Oddball, Face Processing); (b) the imple-

mentation of common cross-site acquisition parameters and hardware, site setup, training, and initial piloting; (c)
the development of the preprocessing pipelines and creation of derivatives; and (d) the incorporation of equity
and inclusion considerations. The paper also provides an overview of the functioning of the EEG Workgroup and
the input from members across all steps of protocol development and piloting.

1. Introduction to HBCD

The HEALthy Brain and Child Development (HBCD) Study is a multi-
site prospective longitudinal cohort study that will examine child
development across multiple domains, beginning with the recruitment
of pregnant participants and extending through early childhood (Nelson
etal., 2024; Volkow et al., 2024). One core focus of the HBCD Study is to
examine the impact of prenatal substance exposure, as well as pre- and
post-natal environmental contexts, on long-term health and behavior.
Central to the initial formulation and design of the study by the National
Institutes of Health (NIH) was the proposal to examine brain develop-
ment, both structure and function, beginning in early infancy (Volkow
et al., 2021). Detailed sampling of brain activity using electroencepha-
lography (EEG) was explicitly required in the initial NIH call for pro-
posals. EEG is acquired by placing small sensors or electrodes on the
scalp, and the electrical signals recorded off the scalp can be sampled
quickly (e.g., 1000 Hz), amplified, and stored for subsequent analysis
(Luck, 2014). When synchronized to auditory or visual stimuli presented
to a participant, EEG signals can be processed to capture the associated
brain responses with a temporal accuracy of milliseconds. For example,
EEG signals time-locked to stimuli can provide event-related potentials
(ERPs) that illuminate psychological processes even in the absence of
overt behavior (Luck, 2014).

The long history of EEG in developmental studies, with the ability to
measure brain activity starting early in infancy and the ability to acquire
brain responses to auditory and visual stimuli in awake and alert infants
and young children, makes EEG an ideal brain imaging assessment
method in the HBCD Study. EEG can also be used in conjunction with
magnetic resonance imaging (MRI; Dean et al., 2024), as in the HBCD
Study, to capture and integrate developmentally sensitive measures of
brain structure and function across both space and time.

In the current paper, we describe the theoretical and practical roles
of EEG in the HBCD Study. We highlight the work of the EEG Workgroup
(WG-EEG) in the process and note the considerations taken in choosing
the tasks used and the practicalities of launching a study of this scale and
complexity. In doing so, we also note the collaborative structure of the
WG-EEG, the diversity and inclusion considerations needed, and the
decisions made in the process. Finally, we note the specifics of the tasks
chosen, the results of piloting, and the details of the tasks and variables
the field can expect with the initial HBCD Study data releases.

2. EEG within the context of the HBCD Study

EEG was included within the broader scope of the HBCD Study to
capture variation in task-based neural functioning in awake infants and
children. These data can be used in a stand-alone manner to assess
normative brain development, as well as examined for the impact of

early exposures and adversity. In addition, EEG can be coupled with the
rich corpus of data collected by the HBCD Study to examine multiple
complex and nested relations across development that could leverage
EEG variables as a predictor, moderator, mediator, or outcome.

Several factors make EEG particularly valuable in a cohort starting
early in development, such as HBCD (Norton et al., 2021). First, EEG is
non-invasive, making it infant- and child-friendly, and therefore
well-suited for longitudinal studies, enabling researchers to track
changes in brain activity over time, elucidating the underlying neural
processes associated with cognitive, socioemotional, and psychiatric
outcomes. Relative to MRI, EEG is also more tolerant to motion artifacts
and has fewer physical constraints, allowing for a more active and
engaged participant during data collection. In addition, familiar care-
givers can remain with the child in most EEG protocols, bolstering
participant tolerance of data acquisition.

Second, in addition to lending support for studies across longer
developmental windows, EEG provides excellent temporal resolution at
the millisecond level, capturing rapid changes in concurrent brain ac-
tivity in the timescale in which cognition occurs. Third, EEG source
localization techniques, when combined with MRI (see Dean et al.,
2024), improve spatial resolution to provide information about the
general location and timing of neural activity in specific brain regions
(Conte and Richards, 2022; Liu et al., 2019; Xie et al., 2022). Finally, and
particularly important for the scale of the HBCD Study, EEG is relatively
affordable and mobile. This allowed all HBCD Study sites to purchase
identical equipment, software, and peripherals (e.g., speakers, lighting,
and monitors) to help ensure the comparability of the data collected.

EEG will provide essential data for inquiries across multiple research
sub-fields. Given the focus on early exposures and experiences, EEG data
will allow researchers to examine individual differences in brain activity
patterns before behavioral differences may become evident. Researchers
can thus identify stable individual traits or track changes in neural sig-
natures over time, examining how the brain adapts and develops in
response to experiences, learning opportunities, and environmental
inputs.

3. Operationalizing HBCD Study goals in the EEG protocol

Incorporating a robust EEG protocol in a study as complex as HBCD
required a two-pronged approach, focused on both the specific EEG-
based tasks selected and the scientific infrastructure that would sup-
port data collection across 27 different testing sites. The HBCD EEG
Workgroup (WG-EEG) is led by Dr. Nathan A. Fox, from the University of
Maryland (UMD), who is an Associate Director of the HBCD Data
Coordinating Center (HDCC; Nelson et al., 2024). To carry out the work
of embedding EEG across the longitudinal study, representatives from
all HBCD Study sites came together to form the WG-EEG. Here we
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describe how the WG-EEG carried out its mission and decision making.

3.1. WG-EEG structure and function

At the outset of HBCD Study planning, the WG-EEG met weekly as a
large group to discuss the scientific and practical concerns of creating an
EEG protocol that could be robustly and reliably implemented at an
unprecedented scale. In addition to the large group meetings, sub-
groups were formed to meet twice monthly to focus on specific areas
of work. One group focused on task design and site training, while the
second group focused on the data processing pipelines. The WG-EEG
members, in turn, worked with the staff of the EEG Core team at the
UMD. The EEG Core supported task design and coding, equipment
purchasing, site training, and data quality control checks. To integrate
the EEG protocol with the larger HBCD Study, the WG-EEG Chair and
Co-Chair (Dr. Koraly Pérez-Edgar from The Pennsylvania State Univer-
sity) met weekly and then twice monthly with the leadership of all the
Workgroups (Nelson et al., 2024) to make sure that components of the
study were compatible. Conversations within and across Workgroups
were also supported and overseen by the HBCD Consortium Adminis-
trative Core (HCAC).

3.2. Study protocol and task selection

One of the first considerations was selecting the timepoints at which
EEG tasks would be deployed across the longitudinal study. We aimed to
efficiently capture meaningful variation and developmental change in
neural activity in domains important for early cognitive, auditory, vi-
sual, linguistic, and social-emotional development. To enable integra-
tion of EEG with the other central brain imaging measure, MRI,
members of the WG-EEG worked with members of the MRI Workgroup
(WG-MRI) to ensure that the EEG and MRI data were collected in a way
that allows for linked analysis by the scientific community. Therefore,
the decision was made that study visits involving EEG data collection
would occur within two weeks of an MRI scan. Ideally, study visits are
scheduled such that EEG and MRI data are collected a few days apart, if
not the same day. The central goal was to design tasks that were both
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developmentally appropriate and feasible across the early ages of study,
given time constraints, staffing, and family burden. As such, EEG would
be collected at every in-person visit from Visit 3, which occurs at three to
nine months of age, onwards (see Fig. 1).

We then examined how to best create an EEG protocol that could be
embedded within the larger HBCD Study. In doing so, we looked to
balance the burden on the infant participants and their caregivers, the
study site research staff, and the UMD Core that would be processing and
checking the incoming data. Given the length of many of the study visits,
we wished to maximize the amount of data collected from our partici-
pants while minimizing the amount of time needed. As such, our goal
was to create a developmentally appropriate protocol that could be
implemented in 45-60 minutes, with no more than 30 minutes of active
participation time for the infant or child.

The WG-EEG targeted domains that reflected core developmental
processes, had a rich history in the larger developmental literature, were
known to be sensitive to early exposure to substances or adversity, and
could be effectively deployed across a wide range of settings by re-
searchers with varying levels of expertise. Fortunately, EEG provides a
vast array of potential variables that can be derived from the same un-
derlying signal, varying with the specific combinations of either stim-
ulus presentation timing, stimulus type, scalp location of the electrodes,
or type of analysis. Derivatives collected via simultaneous electrocar-
diogram (ECG) collection will complement this approach with infor-
mation regarding the development of the autonomic branch of the
nervous system (Sania et al., 2023).

In consultation with both the WG-EEG members and the broader
HBCD Study consortium, we selected four core tasks. They include (1) a
Video Resting State, (2) a Visual Evoked Potential task, (3) an Auditory
Oddball task, and (4) a Face Processing task. (Specific task rationale and
parameters are provided in Section 4.)

3.3. EEG equipment and software considerations
We also considered how to best implement the tasks across all sites,

while also ensuring a robust, reliable, and consistent data collection
process across the over 7000 participants. Although this is a concern for
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Fig. 1. Schematic of the first set of HBCD Study visits. EEG is collected at Visits 3 and 4.
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any multi-site study, the breadth, depth, and complexity of the HBCD
Study, and the WG-EEG’s inability to have hands-on control of all data
collection, demanded systems and procedures that were not overly
cumbersome for site staff or for the staff involved with dissemination,
training, and quality control.

To maximize our ability to easily prepare the infant for data collec-
tion, monitor data quality in real time, and present stimuli in a stan-
dardized manner, we decided to use MagStim EGI (Eugene, OR, USA) for
the data acquisition hardware and software. The WG-EEG worked
closely with MagStim representatives to create a standardized package
of equipment and software (see Table 1) that was sent to all sites,
installed in a relatively uniform manner, and deployed for data collec-
tion. The initial configuration included a Net Station Amps 400 system
with 128-channel nets and an ECG electrode to record the electrical
activity of the heart. This allows for simultaneous ECG collection, which
will complement the EEG-based variables with measures of autonomic
nervous system activity. For stimulus presentation, E-Prime software
was selected (version 3.0; Psychology Software Tools, 2016) with an
additional stimulus presentation computer and monitor, and a camera
for recording the child during EEG data collection (to be used for quality
control). To ensure accuracy and precision of stimulus presentation
timing across all sites and visits, we employed a Cedrus StimTracker
integrated with the MagStim software and hardware to measure the
onset of visual and auditory stimuli.

The UMD EEG Core with the consultation of the WG-EEG provided
each site with all stimuli and code needed to run each task. In addition,
we worked closely with the developers of the Longitudinal Online
Research and Imaging System (LORIS) to develop a protocol to upload,
validate, organize, conduct quality control, and ultimately generate
derivatives from the collected data. This included the development of
software, called the “BIDS Wizard,” to align with the brain imaging data
structure (BIDS; Gorgolewski et al., 2016) and scale our preprocessing
pipeline to provide feedback to sites in a timely manner (described in
detail in Section 5). One of the issues in installing hardware and software
across multiple sites was the information technology (IT) protections
and restrictions that many institutions had regarding downloading and

Table 1
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installing software on computers. As such, we worked to choose speci-
fications that were likely to be acceptable to as many sites as possible
(Table 1).

3.4. Site set-up and training

In disseminating the tasks, software, and hardware, the EEG Core
staff, working with the WG-EEG, instituted a hands-on support process
to ensure that data generated by the HBCD Study were of high quality
and comparable across all study sites. Sites varied in their experience
with EEG in general, infant EEG specifically, and the use of MagStim for
data collection. Approximately 80 % of sites had at least some study
members with pediatric EEG expertise. Representatives from MagStim
traveled to every location to help support the installation and initial
testing of the EEG software and hardware, as some sites had not previ-
ously used MagStim equipment. The EEG Core from UMD then set up an
individual video meeting with each site. During those meetings, sites
demonstrated their physical lab setup and the necessary ancillary
equipment for EEG acquisition. They also conducted a mock EEG
acquisition, usually with a research assistant from their team acting as
the participant.

Results of these video visits allowed the UMD staff to identify sites
that needed additional training to optimize their data collection con-
figurations. In-person visits were then conducted to those sites. The
UMD staff supervised a final “sign-off” visit via video call with all sites
wherein the site demonstrated the entire EEG acquisition protocol and
received feedback on protocol accuracy and basic EEG competencies,
such as correct EEG net placement, proficiency in the protocol, and
troubleshooting. Sites had to achieve at least 85 % accuracy according to
a standardized assessment rubric before they could begin collecting pilot
data with infants. It should be noted that there was, and is, some vari-
ability in the physical set-up among sites. Some sites have two dedicated
rooms for EEG acquisition, one for the participant, presentation monitor,
speakers, and StimTracker, and a second control room where the EEG
acquisition computer with MagStim software and E-Prime computer and
monitor are housed. Some sites have only one room but use curtains to

Specific metrics and descriptors for the equipment, settings, and tasks used in the initial study launch. Note, the ISI listed here for the Auditory Oddball task is used in

Visit 3. In later visits, the ISI is 600 ms.
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separate participants from researchers. There are some sites that have all
the equipment on a cart that is wheeled in and out depending on use.
Sites also vary in the acoustic and electric shielding of the participant
spaces, but a decibel meter and electric noise tri-field recorder/sniffer
are used to ensure minimal effects on data.

3.5. Piloting the EEG protocol

After initial training and confirmation of setup for hardware and
software, sites were tasked with running at least three pilot participants
in the age range for the first EEG visit (Visit 3; 3-9 months). The EEG
Core staff, along with the WG-EEG, reviewed incoming data for quality,
examining the data collected against the standard literature. Special
care was taken to note deviations in either protocol or expected data
quality evident with a task or a site. The equipment manuals and stan-
dard operating procedures documents were revised based on what was
learned from the video and in-person visits and piloting.

De-identified records from each pilot visit were uploaded via our
custom-developed software (BIDS Wizard) to the online database where
the data were organized and stored. Any identifiable materials were sent
to a secure server at the University of Minnesota, part of the HBCD Data
Coordinating Center. UMD staff downloaded the files and ran two pre-
processing pipelines (described below) to determine the amount of us-
able data for each task. As part of protocol, sites also had to provide five
pictures of the EEG net placement per participant displaying angles from
the front, back, above, left, and right. Finally, the site had to correctly
upload the files to the online database (LORIS; see Section 5). To “pass”
piloting, each site was required to acquire 30 usable EEG trials per
stimulus condition for at least three of the four tasks from each of the
three infants. This threshold was determined by conducting preliminary
reliability analyses (as described in Morales et al., 2022) with existing
pediatric datasets. Additionally, sites had to obtain usable EEG data for
each of the four tasks at least once among the three pilot infants.

By the end of piloting, over 200 data files had been uploaded and
processed, with small variations in participant numbers by task
(Table 2). Infants were evenly split between male and female. The age
range was 2.9-12.2 months, as some sites were allowed to test older
infants to maintain the training timeline for full study launch.

Data derivatives and metrics were computed for the pilot phase.
Overall, the tasks proved robust, and the vast majority of infants were
able to attempt all four tasks (range: 91.95-96.55 %). Task completion
times also fit with general expectations, with average lengths of 2.95 (SD
= 0.90) minutes for the Video Resting State, 1.13 (SD = 0.29) minutes
for the Visual Evoked Potential, 11.85 (SD = 3.19) minutes for the
Auditory Oddball, and 8.74 (SD = 4.95) minutes for the Face Processing
task.

Table 2
Number of infants who contributed data to the piloting process. This information
was used to determine task parameters for the full HBCD Study.

Video Visual Auditory Face
Resting Evoked Oddball Processing
State Potential
Infants With Task 234 227 224 225
Data Collected
Files Excluded Due 27 26 18 34
to Technical
Issues
Files Processed 207 201 206 191
(No Technical
Issues)
Passed 193 200 197 113
Preprocessing
QC
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4. EEG Tasks in the HBCD Study

The tasks and stimuli are publicly available and can be found in the
following link: https://github.com/ChildDevLab/Tasks

4.1. Video Resting State

Video Resting State provides information on spontaneous perturba-
tions in electrical activity (Deco et al., 2011, 2013), with ontogenetic
changes reflecting developing large-scale neural networks associated
with self-regulatory, cognitive, and affective processes and develop-
mental outcomes (Gabard-Durnam et al., 2019; Jones et al., 2020;
Whedon et al., 2020). Similar baseline tasks have been extensively used
in the infant EEG literature to investigate language, cognitive, and
socioemotional outcomes and have shown to produce a reliable signal
(Brito et al., 2022). The metrics one can derive from the resting EEG
signal include power across the frequency spectrum (Gabard-Durnam
et al., 2019), relative power between different scalp location (e.g.,
frontal alpha asymmetry (Davidson and Fox, 1982), neural connectivity
across different scalp regions (Debnath et al., 2021), nonlinear dynamics
(Rodriguez-Bermudez and Garcia-Laencina, 2015), and both periodic
and aperiodic signals (Donoghue et al., 2020). Importantly, early
adversity and prenatal exposure to alcohol and other substances are
associated with “spontaneous” EEG activity (Pini et al., 2024; Shuffrey
etal., 2020). Moreover, many of these outputs have robust psychometric
properties (e.g. internal consistency and test-retest reliability) across
development to facilitate examining individual differences (Anaya et al.,
2021; Lopez et al., 2023). Thus, the task is highly appropriate for HBCD
goals.

The task presents a 3-minute silent video on a computer monitor in
front of the child. The video for Visit 3 is a compilation of clips taken
from infant-friendly videos that display colorful toys and abstract im-
ages. The video for later visits contains alternating 30 second clips of
construction scenes and marble runs. The transitions between clips
cross-dissolve to avoid harsh shifts between scenes. Images shift in the
video in order to maintain a calm, but alert, infant throughout data
collection. Using a video also helps ensure greater standardization of
experience for infants in the study.

In piloting, we observed a clear logarithmic decrease which followed
a “1/frequency” pattern in single Hz bins when plotting power across
increasing frequencies. We also transformed the data into relative power
by dividing each of the frequency bins by the sum total across these
frequencies. At this time, we are providing a figure of the power spec-
trum with single Hz bins from 2 to 50 Hz rather than power in different
frequency bands (e.g., alpha, beta). The width and boundaries of these
bands change with age, even across the age range of the current pilot
data (Cuevas & Bell, 2022).

4.2. Auditory oddball

Auditory Oddball tasks have been used successfully in infants, chil-
dren, and adults to probe detection of differences between standard
(frequent) and deviant (rarely presented) sounds, which can be in the
form of speech stimuli or tones. The difference between ERPs to stan-
dard and deviant sounds produces a negative wave in adults called the
mismatch negativity (MMN), and a positive wave in infants, referred to
as the mismatch response (MMR). The amplitude/latency of these dif-
ference waves have been linked to language (Choudhury and Benasich,
2011), temperament/personality (Gurrera et al., 2001; Marshall et al.,
2009), internalizing problems (Reeb-Sutherland et al., 2009), external-
izing/attention problems (Gumenyuk et al., 2005), and disorders
including autism (Lepisto et al., 2005; Schwartz et al., 2018) and reading
ability/dyslexia (Leppéanen et al., 2010; Norton, Beach, et al., 2021). The
topography of the MMN difference wave differs based on stimulus type,
but typically includes an early component from scalp regions over
auditory cortex followed by a later component over frontal areas.
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Fig. 2. Representation of EEG signal collected during the Video Resting State Task as power spectra for relative power in the 2-50 Hz in the occipital (OZ) cluster.
The black line represents the average across all participants and the lines in color represent each individual.

The HBCD task consists of natural speech consonant-vowel syllable
stimuli that are presented in a ratio of 85 % standard and 15 % deviant
(see Fig. 3). We sought advice regarding the use of tones vs. speech
syllables, ultimately deciding to use the syllables as they have been
widely studied in infants and most closely linked to language outcomes.
The sounds themselves (previously used in Norton et al., 2021) were
provided by WG-EEG member Dr. Elizabeth Norton (Northwestern
University), using a task structure provided by Dr. April Benasich
(Rutgers University). The task consists of 667 trials wherein the
participant hears either a /ba/ or /da/ syllable. One sound is a “stan-
dard”, which is played in 567 trials and the other sound is a “deviant”,
which is randomly played in 100 trials. Whether the /ba/ or /da/ syl-
lable is the standard sound is randomized across participants and for
each visit. Each sound has a duration of 200 ms and the interstimulus
interval is 820 ms for Visit 3 and 600 ms for Visit 4. The ISI was changed
between age visits to account for developmental differences in pro-
cessing speed that impact the generation of an MMN (Morr et al., 2002).
There is a silent video played on an iPad in front of the participant
throughout the task. For Visit 3, the video displays colorful toys and
abstract images. Later, the video consists of safari, aquarium, and
dancing fruit videos which switch every 30 seconds. The task is
11 minutes long for Visit 3 and 8.5 minutes for later visits.

In piloting, we observed a clear mismatch response (MMR). This was
indicated as a more positive response for deviant compared to standard
syllable stimuli over frontal and temporal electrodes between 200 and
400 ms (see Fig. 4A & 4B). This positive MMR response over fronto-
lateral sites is consistent with existing studies with a similar paradigm
(Hamalainen et al., 2019; Ortiz-Mantilla et al., 2023).

4.3. Visual Evoked Potential (VEP)
Visual Evoked Potential (VEP) tasks, like the pattern-reversal VEP

task employed in HBCD, often consist of a series of visually contrasting
images (e.g., black and white checkerboard) that oscillate at a specific

Trial 1

Trial 2

frequency. The stimulus presentation elicits its namesake ERP that ma-
tures over the first three years of life. The VEP has been associated with
concurrent and later developmental outcomes as a function of prenatal
substance exposures (Margolis et al., 2024), early visual enrichment or
deprivation (Jensen et al., 2019), vision system maturation (Lippé et al.,
2009), neurodevelopmental disorders (e.g., ASD and ADHD; Cremo-
ne-Caira et al., 2023; Nazhvani et al., 2013), and reading and learning
disabilities (Shandiz et al., 2017).

The task consists of a series of black and white checkerboard images.
The checkerboard pattern reverses at 2 Hz (i.e. each checkerboard is
presented for 500 ms), with the white tiles turning black and vice versa
(see Fig. 3). For this task, the participants view 120 checkerboards in
total. Infants sit approximately 60 cm from the screen. The task is
60 seconds in duration. This task does not change across the early visits.

In piloting, we observed a clear VEP response, comprised of three
deflections in the occipital area (Oz), corresponding to the visual cortex.
Specifically, this task generates the N1 (the first negative peak), the P1
(the first positive peak), and the N2 (the second negative peak), which
were clearly observed in our pilot data (see Fig. 4C & 4D).

4.4. Face Processing

Face Processing is an important skill used for successfully navigating
the social world. The development of face processing begins early in life
and is predicted to be impacted by visual and social experiences
(Markant and Scott, 2018; Scherf and Scott, 2012). The neural structures
supporting face processing begin to specialize across the first year of life
and continue to develop into childhood and adolescence (Di Lorenzo
et al., 2020; Scherf and Scott, 2012; Scott and Arcaro, 2023). Faces
engage and impact several behavioral and neural systems including
attention, perception, language development, memory, emotion,
attachment and social processing (Markant and Scott, 2018). Variations
in face processing are also associated with neurodevelopmental disor-
ders (e.g., autism spectrum disorder, Tye et al., 2022; Webb et al., 2017).

Trial 3

Sound
(200ms)

Silence Sound
(820ms) (200ms)

MMN

Silence
(820ms)

Sound
(200ms)

Silence
(820ms)

Fig. 3. Sequencing of stimuli sounds, /ba/ or /da/, in the MMN task. The ISI noted is used in Visit 3. The ISI is 600 ms for later visits.
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Fig. 4. Selected ERP Waveforms for the Auditory Oddball (MMN/MMR) and Visual Evoked Potential (VEP) tasks. A) Auditory Oddball task ERP plots by condition
for the Deviant, Standard, and their difference wave (Deviant — Standard) and B) their topography during the 200-400 ms time window. Note that only standard
stimuli immediately preceding a deviant syllable were used. C) ERP plots for the VEP with the N1, P1, and N2 components labeled, and D) their topography during
their respective time windows.

ERPs generated by face processing tasks can capture a wide range of

Trial 1 Trial 2 Trial 3 experience-dependent perceptual, cognitive and social effects
(Barry-Anwar et al., 2020). As such, we included a task that captures
neural responses to faces as a function of standard (or canonical)
orientation (upright versus inverted) as well as the predicted cortical

&J prioritization of faces relative to novel objects.
> Stimuli for this task include grayscale faces from female-presenting
adults (Pickron et al., 2024) and novel objects called Sheinbugs (T.
Jones et al., 2020). Stimuli were processed using Adobe Photoshop and
Checkerboard A Checkerboard B Checkerboard A the SHINE toolbox in Matlab (Willenbockel et al., 2010) to equate
(500ms) (500ms) (500ms) luminance, projected image size, eye location and orientation, under the
. ) ) L ) direction Dr. Lisa Scott and her team at the University of Florida (see
Fig. 5. Visual representation of the stimuli used in the VEP task. Fig. 6). Each face was superimposed on a grayscale background of either
Attention Getter!
cccurs whenhe. >
experimenter prompts it
(1] " . " p - . - . - - . - .
Q . + 1 . . N + 1 + ]
L I ¥ o = > 7
(500ms) (500 - 700 ms) (500ms) (500 - 700 ms) (500ms) (500ms) (500 - 700 ms)

Trial 1

Trial 2

Trial 3

Fig. 6. Schematic of the Faces task used in Visits 3, 4, and 6, depicting the Face/Object block. The attention getter is one of several toys, paired with a sound,

displayed by a research assistant to return infant gaze to the screen. Trials advance by RA button press when infant is attending to the screen.
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greenery, sand, ocean water, pool water, or the sky (based on Guy et al.,
2016). The backgrounds were made at UMD by the EEG Core with the
advice of Dr. John Richards (University of South Carolina) and Dr. Scott.
To encourage infants to maintain fixation on the center of the screen
throughout the task, the background images were incrementally blurred
from the center to the edge of the screen, resulting in five levels of visual
clarity (Guy et al., 2016; Mallin and Richards, 2012; Xie and Richards,
2016). The final stimulus set consists of 30 “Sheinbug” novel objects,
and 36 face stimuli provided by individuals from white, Black, Asian,
Latine, and Indigenous communities.

The task consists of two blocks. In one block, the participants view 50
upright faces and 50 inverted faces. In the other block, there are 50
upright faces and 50 abstract objects. The stimuli are drawn randomly
from the set and are presented for 500 ms with a jittered 500-700 ms
interstimulus interval. Trials progress with a button press from the
experimenter based on the infant’s attention to the computer screen.
Attention getters are triggered by the experimenter, as necessary, to
keep the participant’s attention oriented to the screen. The images are
presented randomly with replacement, and no face can be displayed
twice in a row. This task does not change across the early visits.

In piloting, we observed the expected P1 response in occipital clus-
ters across all conditions. We also observed an N290 response to upright
faces in occipital clusters, regardless of the block, such that there was a
negative deflection compared to objects and inverted faces (Fig. 7).
Finally, we also observed the expected P400 response with a similar
shape across conditions.

4.5. EEG tasks in the HBCD Study protocol at Launch

Tasks are presented in a pseudorandom order: Video Resting State is
always presented first, with the remaining three tasks presented in a
random order set centrally by the HDCC and communicated to the site
staff before the participant visit. The decision to always begin the EEG
protocol with the Video Resting State was made by the WG-EEG to avoid
carryover effect from a task. The order of the remaining three tasks is re-
randomized for every subsequent study visit. The randomization
ensured that no one task was “disadvantaged” by always being last and
potentially systematically being skipped or providing poor data. In
reviewing the published literature and the pilot data, we found no evi-
dence of order effects. During the EEG protocol, the infant participant
sits in a high-chair or on the caregiver’s lap. Importantly, this initial
protocol was optimized for the young infants and children in the first set
of visits. For visits at older ages, the WG-EEG will work to modify the
protocol to match the participants’ developmental stage.

A)
Faces Task - P100, N290, & P400 Components (Oz Cluster)
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5. Transfer protocols for EEG data

To develop protocols for data transfer, preprocessing, and ultimately
generating outputs, we established an EEG preprocessing subcommittee
led by Dr. Santiago Morales (University of Southern California). The
subcommittee opted to standardize all acquired datasets into the BIDS
format for preprocessing and analysis. A custom build of the LORIS
platform was selected to store and stage data (Das et al., 2012).

The BIDS Wizard was then developed to address the challenge of
uploading and validating raw EEG data from different sites. It takes the
raw MagStim (.MFF) and E-Prime (.EDAT and.txt) files acquired from a
site and transforms them to a more commonly used BIDS-compliant
format (.SET files). During the upload process, the BIDS Wizard also
runs local checks to make sure that the correct number of files were
uploaded, naming conventions were followed, and expected number of
events and tasks were acquired in the expected manner (see Table 3 for
list of checks). If any of these checks fail, research assistants are asked to
document any deviations to the protocol in a standardized manner.
Moreover, the BIDS Wizard also uploads the photos taken to confirm
EEG net placement and original data (.MFF files), which contain videos
of the EEG session. These files are sent to a separate secure server at
UMN that is HIPAA-compliant, given that the photos and videos of the
EEG acquisition contain personal identifying information (PII). Multiple
iterations of the BIDS Wizard program were developed and modified as
issues arose while sites attempted to upload data. A schematic of the
data flow developed by the EEG subcommittee and the LORIS team is

Table 3
List of local checks run via the BIDS Wizard to ensure that data meet basic
quality checks before upload to the shared server, LORIS.

Checks What is this check? What happens if it fails?

Ask site to rename before
uploading

Ask site to explain missing or
additional files

Ensures file names match
naming convention

Ensures we get all the files
we expect (i.e., participants,
tasks, pictures, etc.)

Naming Checks

File Checks

Check for Ensures number of flags/ Ask site why there is a
number of trials are what we expect for  discrepancy in number of events
events/flags each task and condition and automatically inform Core
about the mismatch
BIDS Ensures file is in BIDS format ~ Ask the site to format data
Conversion before uploading. If errors with
conversion, contact Core
Check for Flag Ensure that the E-Prime flags ~ Ask site if there was a deviation
Delays are not delayed from the protocol in this visit (e.

g., starting E-Prime before NS).
Inform Core

E)- N290 Topography
Difference

Upright — Inverted

S 5
o
So
2 5
E
< 5 | | o
P1 N290 P400 Upright — Object
0 250 500 .
Time (ms)

= Upright (Inverted) = Object

Condition __ Inverted

Upright (Object)

== Upright - Inverted
Upright - Object

Fig. 7. Selected ERP Waveforms for the Face Processing task: A) ERP plots by condition for the Upright faces during the Inverted faces block, Objects, Inverted faces,
and Upright faces during the Object block with the P1, N290, and P400 components labeled. Also displayed are the difference waves between Upright — Inverted and
Upright — Object as dashed lines and B) their topography during the N290 time window (200-300 ms).
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illustrated in Fig. 8.

To determine and optimize the parameters and metrics for the launch
of the full study and data releases, we processed the pilot data with a
variety of settings (e.g., filter settings, and artifact detection threshold).
We also compared, “in-house” pipelines from WG-EEG members, the
Harvard Automated Processing Pipeline for EEG (HAPPE v.2.2; Mon-
achino et al., 2022) and the Maryland Analysis of Developmental EEG
(MADE) pipeline (Debnath et al., 2020; Leach et al., 2020). Because each
pipeline and preprocessing approach has strengths and limitations, we
initially wanted to preprocess the data with both pipelines. These
comparisons revealed that the HAPPE pipeline generally kept more data,
but significantly reduced the amplitude of some condition effects in the
ERP tasks. Due to practical constraints, we had to select one pre-
processing pipeline for initial data releases. We decided to utilize MADE
for the initial releases of HBCD Study data. A paper by members of the
EEG WG is currently being written to describe the pipeline comparisons
and metrics that were used to decide between pipelines.

6. Processing Pipelines

Once data are uploaded to LORIS, files are run through the MADE
pipeline (Debnath et al., 2020; Leach et al., 2020). The pipeline is
implemented by the high-performance computing (HPC) facility at the
University of Minnesota through CBRAIN - a web-based software that
integrates LORIS with the HPC. The details of this preprocessing
approach have been described in detail in Debnath et al. (2020). In
short, channels that include the electrocardiogram data are excluded,
and the continuous EEG data are high-pass filtered at 0.3 Hz and
low-pass filtered at 50 Hz. All tasks are then merged into one large
recording to increase the size of the data and improve independent
component analysis (ICA) decomposition. Bad channels are identified
and removed using the EEGLAB plug-in FASTER (Nolan et al., 2010). To
further remove ocular and muscle artifacts, ICA is performed on an
identical copy of the dataset.

To improve ICA decomposition, this copied dataset is high pass
filtered at 1 Hz and segmented into 1 s epochs. Then, noisy segments of
the data and EMG-like activity are rejected using a voltage threshold of
+/-1000 pV and spectral threshold (range —100 dB to +30 dB) within
the 20-40 Hz frequency band. If a channel contains artifact in more than
20 % of the epochs, that channel is removed from both the ICA copied
dataset and the original dataset. ICA is then run on the copied dataset,
and ICA weights are subsequently applied back to the original dataset
(Debner et al., 2010). Artifactual independent components are identified
and removed from the original dataset using the Adjusted-ADJUST al-
gorithm, which was optimized for pediatric data (Leach et al., 2020;
Mognon et al., 2011).

The data are then segmented into task-specific epochs for two
additional steps of artifact rejection. For event-related data preprocessed
for ERPs, a low-pass filter of 30 Hz is applied prior to segmenting, and all

EEG HIGH LEVEL

DATA FLOW
BIDS
e \

Secure Data Server
(aka Pll data

CBRAIN

o

lake)

Fig. 8. Conceptual schematic of the data flow used by HBCD to move EEG data
from the collection site to the central storage and processing servers.
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epochs are time-locked to the presentation of the stimuli (i.e., checker-
board, face/object, or sound). The average of the pre-event baseline
period is subtracted from each epoch. The resting state data are
segmented into 2-second epochs with 50 % overlap. To capture the
presence of residual ocular activity which may be left after ICA, any
epochs in which ocular channel (E8, E14, E21, and E25) voltages exceed
+200 pV are removed and interpolated. Second, non-ocular channels
that exceeded +200 pV are interpolated at the epoch level. However, if
over 10 % of the channels (not considering globally rejected channels)
exceeded +200 pV, the epoch is rejected instead. Any remaining missing
channels are then interpolated using the spherical spline method (Perrin
et al., 1989). The data are then referenced to the average reference.

6.1. Derivatives provided in the initial data releases

For the initial annual data releases, the HBCD Study will provide
processed variables in addition to raw data files. In short, for the Video
Resting State, we will provide absolute and relative power in 1-Hz bins.
For all ERP variables, we will provide mean amplitude, peak amplitude,
peak latency for each component for every participant, as well as the
number of artifact-free trials. For the VEP task, we will provide these
derivatives for the occipital N1, P1, and N2 responses. For the Auditory
Oddball task, we will provide the frontal and temporal ERPs for the
standard trials (all available), the standard trials just prior to presenta-
tion of a deviant, and the deviant trials. In addition, a difference wave
(MMR/MMN) will be computed. Data for the P1 and N2 sensory com-
ponents (frontocentral midline) will also be provided. For the Face
Processing task, we will provide metrics for the occipital P1, N290,
P400, and the frontocentral Nc (not shown). Finally, semi-processed
‘raw’ data that have been labelled and formatted into BIDS will also
be available for those interested in deriving other variables.

7. Diversity, equity, and inclusion considerations

Much of the extant developmental EEG data are derived from in-
dividuals who are disproportionately white, urban, and middle- or
higher-socio-economic status (Penner et al., 2023; Rowley and Cama-
cho, 2015; Webb et al., 2017). In addition, researchers have historically
avoided acquiring EEG from individuals with voluminous, porous,
and/or curly hair due to an improper assumption that thin straight hair
was ideal for acquiring EEG signals (Choy et al., 2022; Louis et al., 2022;
Parker and Ricard, 2022), contributing to the systematic exclusion of
Black, Latine, and Indigenous communities from neuroscience research
(Brown et al., 2023). Even when more diverse participants are included,
a lack of training with diverse hair types often leads to poorer data
quality and greater exclusion rates. As such, at the outset, the WG-EEG
was keenly aware of the need to improve our approach and we continue
to devote time, training, and implementation towards ensuring that all
families can participate in the study in an equitable manner. In doing so,
we worked closely with the Diversity, Equity, and Inclusion Workgroup
(WG-DEL; Murray et al., 2024) and sought advice from a wide range of
consortium members.

As with the other aspects of the study, we approached the issue of
equity and inclusion from multiple angles. First, following recommen-
dations from another large-scale study with diverse participants (Baby’s
First Years), we worked with MagStim to modify the EEG nets to extend
the pedestal length (distance from scalp contact to net), to ensure that
the electrodes can reach through voluminous hair to establish good scalp
contact for all participants (Adams et al., 2024; Mlandu et al., 2024).
Each site was instructed to supplement their standard array of nets by
purchasing a set of nets with long pedestals. Second, we worked with Dr.
Laurel Gabard-Durnam (Northeastern University), Dr. Caitlin Hudac
(University of South Carolina), and Dr. Sonya Troller-Renfree (Teachers
College, Columbia University) to train research assistants in net place-
ment strategies and procedures using the MagStim-EGI nets (guidelines
available in Hudac et al., 2022). Drs. Gabard-Durnam and Hudac led
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dedicated training workshops, and Drs. Gabard-Durnam, Hudac, and
Troller-Renfree advised WG-EEG and the EEG staff in creating written
standard operating procedures. The SOP and scripts were reviewed and
approved by members of the WG-DEIL.

Third, as part of this process, we adapted existing scripts provided by
Dr. Troller-Renfree (Adams et al., 2024) to help research assistants
discuss any caregiver concerns prior to the scheduled EEG visit. We are
also working with the Communications, Engagement, and Dissemina-
tion Workgroup (WG-CED; Cole et al., 2024) to create family-facing
documents. We made sure to emphasize the social and cultural impor-
tance of hair, particularly for Black families. The documentation and
training explicitly emphasize that caregivers are the experts on the in-
fant’s hair and comfort needs. Staff are advised to learn about how the
child’s hair is styled (e.g., braids, twists, puffs) and any other
hair-related needs (e.g., hair should not get wet) before the visit. We
work with caregivers to schedule visits and modify net placement to
meet data collection needs without disturbing the child’s hair. If the
caregiver wishes, we can schedule a visit around the time they were
already planning to adjust styles (e.g., removing and rebraiding hair). At
some of the HBCD sites, researchers are partnering with curly hair
specialists to offer guidance to staff, participating families, and/or
preferred community hairstylists on preparing curly hair for successful
and equitable EEG data collection. Other sites also offer post visit styling
to interested participants.

We also made sure that the actual tasks were equally accessible to all
participants. One primary focus was on the Face Processing task. The
literature is clear that infant responses to faces are shaped by their daily
experiences and exposures to different phenotypic traits (Bar-Haim
et al., 2006). As such, our proposal was to create a data set with ex-
emplars of faces from different communities that would reflect the
families of infants likely to participate in the study. The original stimulus
set included faces from individuals who self-identified as white, Black,
Asian, and Latine. During the consultation process, the WG-DEI noted
that the set did not include face stimuli from individuals from Indige-
nous or Native communities. Given the distribution of sites in HBCD
(Nelson et al., 2024), this could disproportionately and adversely impact
a subset of infants. As a result, the staff of the EEG core at UMD worked
with members of the consortium site from Oklahoma State University,
particularly Jordan Love, to identify female-identifying adults from the
local Indigenous community. Pictures of the volunteers were selected
and then added to the extant face set. All faces were then processed
under the supervision of Dr. Scott to ensure uniformity across the
stimuli. Similarly, the Auditory Oddball stimuli /ba/ and /da/ were
selected as those sounds exist and occur with similar frequency in En-
glish and Spanish, the two languages in which the study is conducted
(Anunziata et al., 2024).

8. Conclusions

The WG-EEG began its work in the Fall of 2021 to create the EEG
protocol within the larger HBCD Study. The membership grew steadily
with the addition of representatives from all sites, and experts were
included to address the evolution of procedural, contextual, and tech-
nical needs. The membership now represents all facets of HBCD,
including Principal Investigators, Co-Investigators, Post-doctoral Fel-
lows, Project Coordinators, and Research Staff. As a result, we have
input from multiple perspectives in the study and can identify and
incorporate changes as needed. With the launch of full-study data
collection in July 2023, the WG-EEG is focused on assessing and
ensuring continued high data quality. In addition, researchers and staff
are implementing the data processing pipeline that will generate de-
rivatives for each data release. Importantly, the specifics for the current
protocol noted above are not set in stone. We will continue to monitor
and modify tasks and procedures as needed for future visits. Indeed, we
are keenly aware that the initial protocol was optimized for use with
children through ~36 months and will not remain suitable for use across
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time, as participants age into later visits. As such, the WG-EEG is
currently assessing potential changes to the current tasks, removal or
addition of tasks to match developmental repertoires. In doing so, we
will continue to closely collaborate with HBCD Study leadership, the
other Workgroups, and the members of the WG-EEG.
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