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A R T I C L E I N F O
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A B S T R A C T

The HEALthy Brain and Child Development (HBCD) Study, a multi-site prospective longitudinal cohort study,
will examine human brain, cognitive, behavioral, social, and emotional development beginning prenatally and
planned through early childhood. The acquisition of multimodal magnetic resonance-based brain development
data is central to the study’s core protocol. However, application of Magnetic Resonance Imaging (MRI) methods
in this population is complicated by technical challenges and difficulties of imaging in early life. Overcoming
these challenges requires an innovative and harmonized approach, combining age-appropriate acquisition pro-
tocols together with specialized pediatric neuroimaging strategies. The HBCD MRI Working Group aimed to
establish a core acquisition protocol for all 27 HBCD Study recruitment sites to measure brain structure, function,
microstructure, and metabolites. Acquisition parameters of individual modalities have been matched across MRI
scanner platforms for harmonized acquisitions and state-of-the-art technologies are employed to enable faster
and motion-robust imaging. Here, we provide an overview of the HBCD MRI protocol, including decisions of
individual modalities and preliminary data. The result will be an unparalleled resource for examining early
neurodevelopment which enables the larger scientific community to assess normative trajectories from birth
through childhood and to examine the genetic, biological, and environmental factors that help shape the
developing brain.

1. Introduction

Across the first 10 years of life, the brain undergoes rapid and dy-
namic change (Alex et al., 2024; Bethlehem et al., 2022), providing the
foundation for the brain’s intricate structural, functional, and metabolic
architecture that underpins cognitive and behavioral development.
Although the brain changes across the lifespan, the first decade of life
corresponds to a period of remarkable growth, unparalleled plasticity,
and unique sensitivity to one’s own genetic makeup, prenatal condi-
tions, and experiential environments. These factors collectively exert
both immediate and long-term influence on neurodevelopmental
outcomes.

Magnetic resonance imaging (MRI) has been firmly established as a
powerful tool for non-invasively examining the structural and functional
organization of the brain and can provide key insights into the trajectory
of complex changes that occur across the neurodevelopmental typical-
to-atypical continuum and give rise to the variability in outcomes and
abilities. Indeed, a growing number of large-scale neuroimaging studies,
including the Human Connectome Project (HCP) (Glasser et al., 2016;
Van Essen et al., 2013), Lifespan Human Connectome Projects in
Development (HCP-D) and Aging (HCP-A) (Somerville et al., 2018;
Harms et al., 2018; Bookheimer et al., 2019), Adolescent Brain and
Cognitive Development (ABCD) Study (Casey et al., 2018), Developing
Human Connectome Project (dHCP) (Makropoulos et al., 2018; Edwards
et al., 2022), Baby Connectome Project (BCP) (Howell et al., 2019), and
UK biobank (Miller et al., 2016) among others, have led to significant
technical advancements in neuroimaging hardware, acquisition pro-
tocols, and analysis pipelines. These studies have produced an unprec-
edented data resource that has transformed our understanding of human
brain structure, function, and connectivity. However, few longitudinal
brain imaging studies have rigorously examined neurodevelopment
using these leading-edgemultimodal techniques throughout the window
extending from birth through 10 years of age. The relative sparsity of
neuroimaging data from a large ethnically and sociodemographically
diverse cohort across this age range has limited the scientific com-
munity’s ability to discern how early life experiences and exposures,
including prenatal exposure to drugs and alcohol, shape individual
neurodevelopmental trajectories that ultimately promote or disrupt
later childhood outcomes.

The HEALthy Brain and Child Development (HBCD) Study is a multi-
site prospective longitudinal cohort study of human brain, cognitive,
behavioral, social, and emotional development beginning prenatally
and planned through middle childhood (Volkow et al., 2021). This
landmark study will recruit a nationally-representative sample of over
7000 birth parents and children, enriched for prenatal substance

exposure, with the primary aim of elucidating how biological and
environmental factors influence long-term neurodevelopmental trajec-
tories. Acquisition of longitudinal, state-of-the-art, multi-modal MRI
data across infancy and childhood is a central component of the HBCD
Study. This includes direct assessment of neurometabolites by magnetic
resonance spectroscopy (MRS). The assessment schedule is represented
in Fig. 1.

Here, we provide an overview of HBCDMRI andMRS procedures and
preliminary data, detailing the acquisition protocols, justification for
their selection, optimization for the infant brain, and harmonization
across the scanner platforms at the 27 HBCD Study recruitment sites. We
additionally describe the strategies and procedures deployed across
HBCD Study sites for performing MRI in infants and children during
natural, non-sedated sleep and outline the proposed HBCD processing
and analysis workflows.

2. Materials and methods

The HBCDMRI protocol was directly influenced by recent large-scale
neuroimaging initiatives, including HCP, BCP, and ABCD, while also
needing to account for the unique challenges when imaging infants and
children (Dean et al., 2014; Raschle et al., 2012; Spann et al., 2023). In
particular, the NIH Funding Opportunity Announcement for the HBCD
Study required the imaging protocol be developmentally sensitive and
include the following: 1) multi-vendor (Siemens, Philips, General Elec-
tric [GE]) support of MRI scanners with a field strength of at least 3
Tesla; 2) T1-weighted (T1w) and T2-weighted (T2w) structural (sMRI)
acquisitions; 3) functional MRI (fMRI) acquisition; 4) diffusion (dMRI)
imaging acquisition; 5) MRS acquisition for the measurement of mole-
cules involved in neuronal metabolism, neurotransmission, and oxida-
tive stress; and 6) quantitative relaxometry. These requirements
necessitated collaborative innovation. First, collecting data from each of
these modalities in a single scanning session required balancing
sequence optimization with the time allocated per sequence. Second,
rapid neurodevelopmental changes during the first years of life lead to
underlying changes in fundamental MR properties (e.g., relaxation
times, diffusion and metabolite characteristics) (Lebel et al., 2019; Lebel
and Deoni, 2018). These changes lead to differences in image contrast
over time, even with the same MRI sequence (Paus et al., 2001). Third,
the gold-standard approach for harmonization of sequences across
vendors would involve within-infant scanning (across various ages). The
logistical challenges of cross-vendor within-infant scanning precluded
these tests. Together, the numerous challenges demanded careful
consideration of all aspects of the imaging protocol, including scanner
hardware, software, and sequence parameters.

D.C. Dean III et al. Developmental Cognitive Neuroscience 70 (2024) 101452 

3 



To that end, the HBCD MRI Working Group (MRI WG) was formed
and tasked with developing an MRI protocol that can be feasibly and
reliably obtained in infants and children over the age range of the study
and administered across the multiple participating sites. To address the
specific requirements of the MRI protocol, five modality-specific sub-
groups, including the Structural, Functional, Diffusion, Quantitative,
and MRS sub-groups, were formed to devise and implement a strategy
for each modality. Importantly, every MRI scan at every timepoint will
be collected without the use of sedating medications. Thus, an additional
specialized “Scanning Young Populations” sub-group was created to
develop guidelines and procedures for non-sedated scanning of infants
and children to facilitate consistent acquisition of high-quality, low
motion data. A “Processing” workgroup was also formed to determine
the best standards and practices to handle HBCD’s “Big Data” and ensure
that the study efficiently facilitates reproducible research.

HBCD involves state-of-the-art Siemens, GE, and Philips 3 T scan-
ners, including 19 sites with Siemens 3 T Prisma scanners, two sites with
GE MR750 scanners, three sites with 3 T Philips MR7700 scanners, two
sites with 3 T Philips Achieva CX dStream DDAS scanners, and one site
with a 3 T Philips Ingenia Elition X scanner with a custom built gradient
coil. Scanner software platforms across sites are aligned for each vendor,
with all software upgrades conducted in a coordinated fashion. MRI data
are collected using either 32- or 64-channel head receive coils based
upon availability across data collection sites. Framewise Integrated
Real-Time MRI Monitoring (FIRMM) software is used for structural
(T1w/T2w), functional, and diffusion modalities. FIRMM calculates and
displays real-time measures of head motion along with other quality
metrics to the MRI technician across modalities during each scan session
(Badke D’Andrea et al., 2022; Dosenbach et al., 2017; Fair et al., 2020),
allowing technicians to make informed decisions on how to optimize
scan sessions for time and required scan repeats. Following collection,
all MRI data are transferred from the site to the HBCD Data Coordinating
Center following well-established procedures using Flash-memory based
Input/Output Network Appliances (FIONA) for quality control and
processing. In what follows, we briefly characterize the efforts of the
MRI WG for each modality, with the intent of generating more
comprehensive descriptions of each modality in subsequent stand-alone
publications.

The majority of pulse sequences used for the HBCD MRI protocol are
research-specific and some require signing transfer agreements with the
academic centers at which the sequences were developed. While our
goal was to use product sequences where possible, the decision to use
research-specific pulse sequences was motivated by the desire to take

advantage of additional non-product features (e.g., motion-tracking
navigators) and/or the need for modifications to better harmonize
across all three vendors (e.g., ensuring similar RF pulse shapes and
timings). The required pulse sequences and protocol specification files
are available for scanners with specifications matching those used by the
HBCD sites. Instructions for acquiring the necessary sequence and pro-
tocols files can be found at https://hbcdsequences.readthedocs.io/en/
latest/.

3. HBCD MRI protocol

The HBCD MRI protocol includes sMRI, fMRI, dMRI, MRS, and
quantitative relaxometry. Despite the goal to collect all scans from each
participant, the MRI WG recognized that not all children would com-
plete the entire protocol given its length and the overall difficulty of
scanning infants and toddlers during natural sleep. Therefore, it was
necessary to devise a scan hierarchy that balances capturing develop-
mentally sensitive data and aimed to acquire equal numbers of complete
datasets across the modalities. To accomplish this, a pseudo-randomized
acquisition order was formulated. Following the BCP study (Howell
et al., 2019), the protocol begins with a localizer modified to be quieter
and minimize waking participants. An age-specific structural MRI
sequence is then prioritized as this is needed for radiology review and is
an input to many processing pipelines for the other modalities. In
particular, the T2w image is prioritized at Visits 2 and 3 as this provides
greater contrast compared to T1w images at early ages due to low
myelin content and high water content in the infant brain. T1w imaging
is prioritized for all subsequent study visits. Functional and diffusion
MRI sequences are prioritized following the age-specific structural
sequence, with the order of these sequences randomized across study
participants. Quantitative relaxometry and MRS follow, again with the
scan order randomized across participants. The lower priority structural
MRI scan (T1w for Visits 2 and 3; T2w for Visit 4 and beyond) is the final
image to get acquired. This pseudo-randomized scan order for each
participant is centrally determined and distributed to sites by the HBCD
Data Coordinating Center. As detailed below, the minimal criteria for
completing a scan session was established by the Scanning Young Pop-
ulations WG.

3.1. Structural MRI

Recent large-scale developmental neuroimaging studies include high
spatial resolution (0.8–1.0 mm isotropic) T1w and T2w structural

Fig. 1. Visit schedule for the HBCD protocol. Of note, MRI scans will be collected at each in person assessment visit (visits 2, 3, 4, and 6). Of note, procedures for Visit
4 and beyond are only current as of the time of this manuscript submission and may change during piloting.
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sequences to support morphometric analyses (Casey et al., 2018; Harms
et al., 2018; Hazlett et al., 2012; Howell et al., 2019; Glasser et al.,
2016). ABCD provides a well-validated structural 1 mm protocol that
has been harmonized across all three major scanner vendors (Casey
et al., 2018). However, HCP Lifespan and BCP studies both demonstrate
advantages of sub-millimeter resolution for subsequent morphometric
analyses (Howell et al., 2019; Glasser et al., 2013). Additionally, recent
work has demonstrated the need for infant-specific T2w structural
protocols due to incomplete myelination and thus suboptimal grey/-
white T1w contrast (Howell et al., 2019; Myers et al., 2023).

This prior work shaped the initial HBCD structural protocol pro-
posals, in addition to three key decisions:

1. Approximately seven minutes total was defined as the targeted
duration in the MRI protocol for the T1w and T2w structural scans,
where previous studies (e.g., ABCD and BCP) took more than
12 minutes.

2. Early pilot scanning determined that scanners available at all sites
could achieve 0.8 mm isotropic resolution with acceptable signal-to-
noise ratio (SNR) with 32- and 64-channel coils, and that all sites
would be able to support navigators for prospective motion detec-
tion, real-time monitoring and real-time correction.

3. The Structural WG decided to maintain constant structural protocols
over the study duration, as opposed to optimizing protocols by age.
In the context of a multi-site and multi-vendor study, we concluded
that this approach may better allow longitudinal effects to reflect
developmental differences rather than protocol differences.

From these early decisions, the Structural WG established a priority
list:

1. Achieve harmonized contrast and acceptable SNR across all three
vendors at 0.8 mm resolution;

2. Select acceleration techniques to best achieve the allocated target
time for each scan; and

3. Add navigators for prospective motion detection and, when avail-
able, real-time correction.

With the adoption of a fixed structural protocol across timepoints,
the WG determined that the T1w scan would drive morphometry pri-
marily for children starting at Visit 4 (9–15 months) and beyond, and so
adopted contrast parameters from the BCP study. Harmonization of
contrast in the T1w scan primarily involved ensuring matched param-
eters and addressing any remaining technical constraints.

However, the T2w scan provides the morphological contrast for the
earliest study timepoints (Visits 2 and 3) and notably is implemented
differently across vendors, particularly in the design of the variable flip-
angle schemes, making direct harmonization of sequence parameters
infeasible. To address this, the WG evaluated infant pilot data with
strong cortical contrast (Fig. 2), and then standardized protocols for
each vendor giving the highest quality data for morphometry in the
youngest subjects.

As the WG worked on sequence acceleration, the implementation
differences between vendors became further magnified for the T2w scan
and new challenges were introduced for the T1w scan. Fortunately, all
vendors had product implementations of compressed sensing accelera-
tion available (Lustig et al., 2007), significantly shortening scan times
without significantly compromising image quality (Fig. 3). All scanner
vendors provided critical assistance in applying this new technology,
with support for upgrading the scanner software and modifying se-
quences in alignment with the study protocol, at every site. However,
these accelerationmethods were also implemented differently across the
vendors precluding direct harmonization of the exact sampling and
reconstruction algorithms – theWG concluded that harmonizing on total
scan time was ultimately the critical variable, acknowledging that this
required different nominal acceleration factors between vendors.

Cross-vendor comparisons were made to ensure that different acceler-
ations settings provided comparable levels of image smoothness/noise
across the structural protocols. Moreover, the WG also determined that,
leveraging the retention of full raw k-space data for all scans, future
advanced in reconstruction algorithms could be retrospectively applied
to the HBCD Study data.

Finally, the Structural WG planned to adopt navigators for pro-
spective motion detection and correction in all protocols as they became
available. Using volumetric navigators (vNavs) on Siemens and Philips
systems and PROMO on GE systems enables motion detection (White
et al., 2010; Tisdall et al., 2016; Andersen et al., 2019). Combined with
the decision to save raw k-space data for all scans, it will be possible for
researchers to apply retrospective motion-correction methods to the
HBCD data in the future. Additionally, real-time motion information
from the motion navigators are displayable on the connected FIRMM
tablet. Finally, with prospective correction enabled across all sites, the
WG anticipates further data quality improvements, especially in older
participants in whom have more variability in sleep states.

The final HBCD structural imaging protocol represents a significant
advancement on the state-of-the-art; it is both significantly faster (under
9 minutes) and with higher-resolution (0.8 mm isotropic) than any
previous multi-vendor and multi-site study. Through pilot protocol
exploration together with vendor collaboration, the WG integrated the
latest acceleration methods and motion navigators for T1w and T2w
protocols, enabling fast and robust structural imaging of the developing
brain.

3.2. Functional MRI

Acquiring functional MRI during natural sleep affords the opportu-
nity to characterize spontaneous fluctuations in the BOLD signal,
through which we can make inferences about the functional network
architecture of the developing brain. The Functional WG aimed to
develop a 15-minute protocol appropriate for the HBCD age range that
aligned as many acquisition parameters as possible across the three
vendors, while optimizing costs. To make preliminary decisions on
which fMRI sequences and protocols to test during piloting, the WG
considered protocols from prior consortia (e.g., dHCP, BCP, ABCD),
extant infant neuroimaging studies (Goksan et al., 2017), and expertise
of WG members. Based on these sources, the WG opted against high
multi-band (MB) factors (e.g., MB8) given concerns for low subcortical
SNR, but also preferred the shorter repetition time (TR) associated with

Fig. 2. : Pilot data, acquired in a 5 week old participant, showing two alter-
native T2-weighted protocols evaluated during optimization on the Siemens
platform. The vendor-matched protocol harmonized TR, TE, and echo train
length (ETL) across all vendors. However, due to variations in how each vendor
implements variable-flip-angle turbo spin echo, we could achieve equivalent or
superior image contrast in shorter time with vendor-specific choices of TR, TE,
and ETL.
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Fig. 3. : Pilot data, acquired in a 5 month old participant, showing four acceleration factors that were evaluated for T1-weighted protocols during the optimization
on the Siemens platform (either GRAPPA or Compressed SENSE, with total scan duration noted). The region outlined by the red dashed box is zoomed for each
volume to highlight the effects of acceleration on fine features. Comparing GRAPPA 6:35 to CS 6:15, we can see that compressed sensing of equivalent scan time
preserves fine high-contrast structures with less noise than GRAPPA. However, at CS 2:45 the high degree of acceleration leads to a subtle blurring of fine features.
Our final protocol set 4 minutes as the target T1-weighted structural scan duration across all three vendors.

Fig. 4. (A) A depiction of the HBCD fMRI acquisition protocol. There are two resting state (rs) fMRI acquisitions lasting 7.5 min each. Each rs-fMRI run is preceded by
a pair of single shot spin-echo (SE) EPI images with matched bandwidth to the resting state data. One image in the pair of spin-echo images is acquired with reversed
polarity phase encoding gradients, allowing for the pair to be used in a blip-up-blip-down (BUBD) distortion correction algorithm. (B) All HBCD fMRI data are
monitored in real time at the point of acquisition for motion using FIRMM. If motion is severe enough to prevent further analysis, the pair of SE-BUBD images and a
7.5 min resting state acquisition can be repeated until sufficient data have been acquired. (C) Spin-echo data pairs can be used to estimate the static field as well as
the corrections necessary to account for image distortion. Spin echo images are used for this purpose to obtain better estimates in regions of significant in-
homogeneity. The calculated corrections are then applied to the gradient echo resting state images, resulting in the distortion corrected rs-fMRI data.
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MB factors of 4 or higher (Moeller et al., 2010). To investigate this
tradeoff, WG members collected pilot fMRI data in neonates on a
Siemens scanner over a narrow range of multi-band and isotropic res-
olution choices (MB4 2.0 mm, MB4 2.4 mm, MB6 2.0 mm, and MB6
2.4 mm).

The WG ultimately adopted the MB4, 2.0 mm isotropic resolution
sequence based on computed SNR, inspection of blood oxygen level-
dependent (BOLD) images and functional connectivity seed maps, and
preference for higher spatial resolution given the smaller size of the
neonatal brain. The decision to not use in-plane acceleration was made
based on prior work demonstrating decreased tSNR (Seidel et al., 2020)
and increased sensitivity to motion (Ohliger et al., 2003). The shortest
TR that could be achieved across vendors with these parameters was
1725 ms. While longer echo times (TE) were considered based on prior
work in infants (Goksan et al., 2017), the WG chose to use a constant TE
of 37 ms for all the longitudinal timepoints of the study. Echo spacing,
bandwidth, and partial Fourier were allowed to differ across vendors to
achieve the desired MB factor, resolution, TR, and TE. The WG chose a
field of view (FOV) of 224×224 mm2 with 76 slices to ensure whole
brain coverage throughout childhood as well as to have an odd number
of slice packets with MB4 (Goksan et al., 2017). Further, the WG elected
to use a single-phase encoding direction for all the BOLD scans to avoid
challenges associated with combining differing amounts of data
(following frame censoring) across different phase encoding directions;
posterior-anterior (P/A) was selected so that compression artifacts
occurred posteriorly rather than anteriorly. Given different T1 values
between the infant (~1700 ms) and adult brain (~1100 ms) (Gräfe
et al., 2021), a flip angle of 62 degrees was chosen as a slightly
under-flipped middle point (i.e., 10 % under the average of the Ernst
Angle in infants and adults). Fat saturation was enabled/turned on.
Finally, although AC/PC alignment was considered for angulation of the
FOV (to optimize the efficiency of the brain coverage; (Mennes et al.,
2014)), the WG decided instead to acquire strictly axial slices to better
align with other HBCD scans and minimize burden on the acquisition
technologists across sites.

The final fMRI protocol for HBCD consists of two 7.5-minute BOLD
runs, each preceded by a blip-up, blip-down phase encoded spin-echo
field map pair (Fig. 4). Piloting across all HBCD sites included a third
set of field maps after the second BOLD run, but in all cases the first two
sets were sufficient, and so the third set was dropped from the main
study protocol. The WG considered collecting the BOLD as a single 15-
minute run, but not all vendors could achieve this and there were con-
cerns that a single long run in children would be problematic due to
potential for more motion at the end of longer runs. FIRMMwas enabled
to monitor motion in real-time with threshold settings of 0.2 mm and the
respiration filter turned off, as this would yield the most accurate in-
formation regarding usable data being collected. All sites piloted the two
7.5-minute BOLD runs, adequate image quality was obtained across
vendors and sites, and sites consistently obtained low-motion fMRI data.
A total of 382 BOLD runs (each 7.5 minutes) were obtained across the
consortia during pilot testing, with 73 % having at least 340 seconds of
data (5.7 minutes; 75 % of the run length) with framewise displacement
(FD) <0.3 mm.

Parameters above were determined based on pilot data from sleeping
neonates (<1 month since birth). The current plan is to maintain these
imaging parameters at older longitudinal timepoints with minor ex-
ceptions (e.g., the respiratory filter may be used in FIRMM at older
ages). Additionally, MRI data will be collected in awake participants
when children reach a to-be-determined age (i.e., likely at/after 36
months of age), at which point movie stimuli will potentially be curated,
standardized, and included to minimize motion artifact. This informa-
tion will be described in a subsequent publication.

3.3. Diffusion MRI

Diffusion MRI (dMRI) is a useful technique for characterizing brain

microstructure, mesoscopic organization, and structural brain connec-
tivity (Alexander et al., 2019, 2011; Basser and Pierpaoli, 1996; Pier-
paoli and Basser, 1996; Pierpaoli et al., 1996). dMRI has been
specifically effective for delineating these brain properties across peri-
natal (Huang et al., 2006), infant (Ouyang et al., 2019; Huang, 2022),
and childhood (Lebel et al., 2019; Yu et al., 2020) developmental stages.
The HBCD dMRI protocol was designed to accommodate a wide range of
diffusion models and tractography methods at moderately high spatial
resolution in a modest acquisition time. The dMRI protocol was largely
patterned after the ABCD protocol, which provided multiple b-value
measurements at moderately high spatial resolution (Casey et al., 2018).
Identical to ABCD, the HBCD dMRI protocol collects 1.7 mm contiguous
axial slices with an FOV of 238×238 mm2 with 87 slices and matrix size
140×140, yielding 1.7 mm isotropic spatial sampling. The dMRI
acquisition uses MB3 with no additional in-plane acceleration (Feinberg
et al., 2010). Other parameters, including TR (4800 ms), TE (88 ms),
and partial Fourier sampling in the phase encoding direction (63–75 %)
were selected to enable parameter harmonization across the scanner
systems. Notably, we chose to use a common TE across vendors, rather
than use the minimum TE possible for each vendor (which would be
lowest for the Siemens Prisma, given its higher peak gradient strength).
Similar to ABCD, multi-shell diffusion encoding was performed at b =

0 (20 gradient orientations), 500 (12 gradient orientations), 1000 (24
gradient orientations), 2000 (36 gradient orientations), and 3000 (58
gradient orientations) s/mm2, though modest changes as compared to
the ABCD protocol were made to the number of encodes per shell and the
implementation. First, the number of directions was increased for the
500, 1000, and 2000 s/mm2 shells, which should increase the sensitivity
to faster diffusing tissue compartments that are more prevalent in the
infant brain (Lebel et al., 2019; Alex et al., 2024). Second, the diffusion
encoding sets were split between two series with reversed phase
encoding (A/P versus P/A). The diffusion gradient orientations were
randomly shuffled across the A/P and P/A series, with b0 images
interspersed throughout each series (65 unique diffusion encoding
measurements per series for a total of 130 directions). This enables both
EPI distortion correction using a topup-like approach (Andersson et al.,
2003) and better balancing of the local EPI stretching and compression
than collecting all of the dMRI encoding with a single phase encoding
orientation. There is also evidence that balancing the dMRI encodings
across two phase encoding directions will reduce the variance in dMRI
measures (Irfanoglu et al., 2021). The total acquisition time for the dMRI
protocol is approximately 12.5 minutes. See Fig. 5 for a representation
of unprocessed images by b-value, processed fractional anisotropy (FA)
images, and processed directionality encoded color (DEC) maps.

3.4. Quantitative MRI

The MRI tissue contrast arises primarily from differences in the
longitudinal (T1) and transverse (T2) relaxation times. Conventional
clinical and research neuroimaging techniques have been dispropor-
tionately represented by qualitative relaxation time weighted brain
images (e.g., T1w, T2w scans). While we include these traditional
structural scans in the HBCD protocol, they are a complex function of
underlying relaxation properties, pulse sequence parameters, and other
participant- and hardware-specific effects, such as participant position.
The dependency of the MR signal on these extraneous sources limits
interpretation and one’s ability to associate observed contrast changes
to biological mechanisms. Consequently, quantitative comparison
across participants, longitudinal sessions, and multiple sites becomes
difficult. This is especially relevant in pediatric neuroimaging, where the
brain is undergoing rapid development that results in changing free
water distribution, iron content, and brain myelination. As a result,
contrast in conventional MRI changes as a function of age, complicating
the study of pediatric populations across varying age ranges. Direct
measurement of these relaxation properties can overcome many of these
limitations of conventional MRI and allow for improved
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characterization of brain tissue microstructure (Deoni, 2010; Does,
2018).

In the past decade, there has been a significant push towards the
development of quantitative magnetic resonance imaging (qMRI) (Ehses
et al., 2013; Deoni et al., 2005; Fleysher et al., 2008; Ma et al., 2013; Liao
et al., 2017; Kvernby et al., 2014; Kecskemeti et al., 2016; Chen et al.,
2018; Piredda et al., 2020) for improved detection, sensitivity, and
understanding of pathologies, like epilepsy (Liao et al., 2018; Ma et al.,
2019; Salmenpera et al., 2007; Spader et al., 2013) or multiple sclerosis
(MacKay et al., 2009; Reitz et al., 2017; Parry et al., 2002). qMRI has
enabled consistent vendor-agnostic quantitative images (e.g., T1 and T2
maps) in multi-center studies (Deoni et al., 2008). Such quantitative
images are easily compared across sites and offer higher inter-site
reproducibility compared to contrast-weighted imaging (Weiskopf
et al., 2013). Moreover, quantitative relaxation maps can be used to
synthesize the conventional contrast-weighted images (Tanenbaum
et al., 2017; Fujita et al., 2019). The deployment of qMRI in clinical and
research settings has been limited, potentially because these methods
suffer from long scan time and/or lower spatial resolutions. In addition,
for multi-site research studies, like HBCD, the chosen method must be
available on all scanner platforms. For these reasons, none of the large
multi-site MRI studies to date (e.g., ABCD (Casey et al., 2018), HCP
(Harms et al., 2018)) have included a qMRI protocol for quantitative T1
and T2 mapping.

Recognizing the unique value of qMRI in measuring brain develop-
ment, a qMRI module is included in the HBCD MRI protocol, which
needed to fulfill the following criteria:

1. Rapid Protocol: Given the overall duration of the HBCD MRI proto-
col, the duration of the qMRI acquisition had to be less than
5 minutes.

2. Cross-vendor availability and ease of use and processing: The
acquisition method had to be harmonized across all MR vendors (and
their specific software baselines). It also had to be easy to run on the
scanner with the data easily processed.

For HBCD, several qMRI techniques were considered, however, op-
tions were limited given the constraints discussed above. Magnetic
resonance fingerprinting (MRF) (Ma et al., 2013) enables parametric
maps from a single 3D acquisition, but different implementations across
vendors are not time-efficient and have not been harmonized. MPnRAGE
(Kecskemeti et al., 2016) enables T1 mapping (Kecskemeti and Alex-
ander, 2020), but is also not readily available on all vendors. Other
methods, including variable flip angle and DESPOT1–2 (Deoni et al.,
2003, 2005) and Look-Locker (Look and Locker, 1970; Henderson et al.,
1999), among others, were considered, but either took more time than
allotted for this scan and/or included multiple acquisitions, which could
complicate the acquisition should motion occur. For these reasons, we
adopted the three-dimensional quantification using an interleaved
Look–Locker acquisition sequence with a T2 preparation pulse
(3D-QALAS) (Kvernby et al., 2014), which is a time-efficient 3D method
capable of simultaneous estimation of T1, T2 and PD maps from a single
scan and is available and tested across all three major MRI vendors
(Fujita et al., 2019).

Given the protocol time constraints, inherent SNR vs resolution
trade-offs, and enhanced compressed sensing acceleration, the WG

Fig. 5. : Axial slices of unprocessed diffusion-weighted images from an HBCD acquisition. Slices acquired with AP and PA phase encoding directions are shown in the
left and right columns, respectively. Gradient strengths in b (s/mm2) are shown per row with the number of images collected at the b value in parenthesis. The AP and
PA images shown at b>0 are not the same gradient direction, as the gradient directions are split across the phase encoding directions.

D.C. Dean III et al. Developmental Cognitive Neuroscience 70 (2024) 101452 

8 



determined that a 1.3 mm isotropic voxel qMRI protocol that takes
approximately 4 minutes to acquire was the best option. Both higher and
lower spatial resolutions were tested. Having higher resolution required
more aggressive acceleration and resulted in decreased SNR, which
significantly hindered the reliability, reproducibility, and the image
quality of the estimated relaxometry maps. In contrast, lower resolutions
increased the SNR but compromised brain spatial specificity, which is
important when monitoring developing brain regions, especially as
myelination unfolds.

To improve the accuracy of the T1 and T2 maps, a separate transmit
inhomogeneity (B1+) field map was included using the Actual Flip
Angle (AFI) method (Yarnykh, 2007). Acquiring the B1+ map is
important as the participant’s head can end up in different orientation
within the coil despite tight padding, and the B1+ field distribution
cannot be simply assumed based on the landmarking position and the
size of the head. The QALAS and B1+ data is processed using the
commercially available SyMRI toolbox. Representative examples of
computed T1 and T2 maps on three neonates (scanned at age 3–4
weeks), performed on each of the three vendors are demonstrated in

Fig. 6. The images from the five acquired volumes from the 3D-QALAS
acquisition used to produce the quantitative T1, T2 and PD maps will
be part of the annual HBCD data release.

3.5. Magnetic Resonance Spectroscopy

The HBCD funding announcement specified that MRS for measures
of molecules involved in neuronal metabolism, neurotransmission, and
oxidative stress should be included in the core neuroimaging protocol.
The MRS WG identified N-acetylaspartate (NAA), a marker of neuronal
mitochondrial metabolism, glutamate and γ-aminobutyric acid (GABA),
the principal excitatory and inhibitory neurotransmitters, and gluta-
thione (GSH), the most abundant antioxidant involved in protection
against reactive oxygen species in the human brain, as the key metab-
olites to be measured. There was strong agreement within the WG that
generating reliable and reproducible measures of the low-concentration
metabolites, GABA and GSH, in particular, would require the use of
spectral editing techniques (Choi et al., 2009). Further WG efforts
centered on determining which brain region(s) would be interrogated

Fig. 6. : Representative axial, sagittal, and coronal slices of quantitative T1 and T2 maps acquired in age-matched (3–4 weeks) infants across the three major MRI
vendors. Histograms of quantitative T1 and T2 relaxation times of these infants highlight good inter-vendor agreement.
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and how, including single vs. multi-voxel localization (i.e.,
Point-RESolved Spectroscopy PRESS; (Bottomley, 1987)) versus
semi-adiabatic localization by adiabatic selective refocusing sLASER
(Scheenen et al., 2008; Conolly et al., 1991) and editing (i.e., conven-
tional J-difference techniques versus newer, more efficient editing
schemes) techniques to be used. Additionally, the WG considered the
constraints specific to HBCD, namely, the need to minimize acquisition
time, mitigate the effects of participant motion and frequency drift,
harmonization of sequence elements, and timing across MRI vendors,
and support for automated data processing.

The WG determined that the optimal approach centered on a single-
voxel localization (30×23×23 mm3) in the bilateral thalamus (Fig. 7),
maximizing signal-to-noise across multiple low-concentration metabo-
lites while maintaining an acquisition time (TA) within the allotted
9 minutes. Additionally, the WG selected an advanced Hadamard-

encoded editing scheme developed by Oeltzschner and colleagues to
measure glutamate, GABA, and GSH in a single experiment, as well as
additional relevant metabolites, including NAA, lactate, ascorbate, cre-
atine, myo-inositol, glutamine, and total choline (Oeltzschner et al.,
2019). The WG selected the more conventional PRESS localization over
sLASER. Although recent calls to move toward sLASER (Deelchand et al.,
2021) were considered, the WG had concern that doing so would not
only increase specific absorption rate (SAR), but also necessitate the
development and validation of a new sequence on three different vendor
platforms in less than 6 months, both impractical and risky in a study
like HBCD. Instead, theWG focused its efforts on two other key areas: (1)
scanner drift and (2) ensuring robust measurement in pediatric pop-
ulations. MRS relies on the frequency of the measured signals, and un-
corrected frequency drift during data acquisition adversely affects
edited MRS quality by changing the contribution of coedited signals and

Fig. 7. :MRS data acquisition is localized to a single voxel (30×23×23 mm3) in the bilateral thalamus as shown in the top panel above. The thalamus is reciprocally
interconnected with nearly the entire cerebral cortex and the GABAergic neurons of the thalamus are involved in the generation of normal and abnormal syn-
chronized activity across the various thalamocortical networks. The MRS WG selected the thalamus as the region of interest from which glutamate, GABA and other
relevant metabolites would be measured with the goal of determining how differences in the trajectory of thalamic GABA levels related to the trajectory of tha-
lamocortical connectivity and cognitive-behavioral development across the first decade of life. Shown below are averaged spectra (solid lines) and standard deviation
(shaded region) across participants acquired during the pilot phase of HBCD on each MRI vendor platform. Note that the pilot GE data were acquired using an older
HERMES sequence as the GE ISTHMUS implementation had not yet been finalized at the time.
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editing efficiency (Harris et al., 2014). This is of particular concern when
acquiring MRS after sequences that require high gradient duty-cycle,
hence heating (e.g., fMRI, dMRI) (Hui et al., 2021). To mitigate this, it
is often suggested that MRS data be acquired first – before fMRI or dMRI
(Choi et al., 2021). However, this is not always feasible, and thus, this
consideration frequently limits the incorporation of MRS into human
connectome studies. The WG addressed this limitation by enabling
real-time frequency correction through incorporation of interleaved
water referencing (Edden et al., 2016) and laid the foundation for the
future incorporation of navigators. Additionally, to mitigate the effects
of T2 relaxation on the measured concentrations of NAA and other
metabolites (Traber et al., 2004), the WG incorporated a short block of
32 transients acquired at TE = 35 ms without spectral editing, ahead of
the main spectral editing block (224 transients, TE = 80 ms). This
short-TE block was placed at the beginning of the sequence to ensure
that for infants that awoke in the middle of MRS, there would still be
sufficient measures of NAA and other high-concentration metabolites
available. The final “multi-sequence” is named Integrated Short-TE and
Hadamard Multi-Sequence (ISTHMUS) (Hui et al., 2024).

The inclusion of MRS in the core HBCD neuroimaging protocol was
itself innovative not only for the science it will afford – namely, the
opportunity to interrogate biochemical mechanisms underlying the
observed structural, functional, and behavioral trajectories – but also for
the fact that it is the first adult, adolescent, or pediatric study of this
magnitude to include such measures. As described, the WG further
mitigated the challenges of incorporating edited MRS into a compre-
hensive pediatric neuroimaging protocol through the development of
ISTHMUS (Hui et al., 2024).

3.6. Scanning Young Populations

The Scanning Young Populations (SYP) WG was tasked with a
broader charge of supporting the successful acquisition of non-sedated
imaging data from infants and young children (i.e., “young pop-
ulations”). While a growing number of researchers across institutions
have been collecting MRI data from infants and toddlers over the past
two decades, many investigative teams across the 27 sites had no or
limited experience scanning participants in this age range. To train new
sites in “the art and science” of scanning infants (Spann et al., 2023;
Dean et al., 2014; Raschle et al., 2012; Howell et al., 2019), the SYP WG

sought to standardize protocols across sites, maintain flexibility for the
heterogeneous imaging center environments across sites, and develop an
extensive set of procedures and best practices for obtaining MRI data
from infants and toddlers. These procedures and best practices serve as a
comprehensive guide for MRI sessions conducted during the
non-sedated, natural sleep of young participants with diverse sleep
habits (focused initially on visits 2 [ages 0–1 month] and 3 [ages 3–9
months]). These strategies outline the preparation, execution, and
follow-up steps necessary for the successful acquisition of high-quality
imaging data, including protocols for scheduling and confirming MRI
visits with families, preparation of the MRI facility, and techniques for
transferring sleeping children to the MRI suite.

Within the manual, practical advice is provided to ensure an infant’s
comfort and to facilitate the onset of sleep, such as minimizing envi-
ronmental stimuli and allowing the child to fall asleep within the MRI
room itself when possible. Recognizing that facilities may vary in their
capabilities, recommendations aim to strike a balance between unifor-
mity and site-specific adaptability. The WG also emphasized the
importance that sites approach each session with responsive flexibility
(Fig. 8), for example, to be ready to adjust to the immediate needs of the
participant (and family) within their own unique MRI facility.

The MRI facility itself presents a set of variables that require atten-
tion. Not all sites have access to a dedicated nursery or staging space for
the infant to fall asleep in a quiet private room, nor do all scan centers
provide opportunities to schedule scans during evening hours when
infants are more likely to sleep. Therefore, adaptability in the use of
available spaces and equipment has been crucial for preparing sites for
considering the unique needs related to imaging this population.

To ensure scan quality and quantity uniformity across diverse envi-
ronments, the WG considered several factors crucial for the success of
the MRI sessions, including the number and relevant expertise of each
team member present during scans. At least one team member requires
competence in safety and in effectively implementing techniques to
induce and maintain sleep amidst the sounds produced during active
scanning, as well as the potential physical vibration induced by some
sequences (e.g., dMRI) that may rouse infants.

Selecting a recommended list of equipment, suggestions for protocols
for inducing sleep and initiating scan acquisition and defining scan
success were primary roles for the WG. Success was not merely
measured by the completion of a scan sequence or session, but by the

Fig. 8. : Schematic representations of hypothetical infant MRI scan sessions. These are example sequences of events that can occur during infant MRI scan sessions.
Note the variation in total session duration (2–5+ hrs, with older infants often taking longer to acquire data), times infants are awake and asleep, and amount of
usable data acquired. Scan sessions can be short due to time or staff restrictions (Case A), or because the infant falls asleep quickly and stays asleep for the duration of
data acquisition (Case B – ideal situation). Infants may wake shortly after data acquisition begins (Case C), or after some data are acquired (Case E), may stay asleep
for all data collection after taking a long time to fall asleep (Case F), or may never go to sleep leading to the family or imaging center policy ending the scan without
any data being acquired (Case D). Some children will wiggle throughout a scan session (Case G), or a team may rush getting a sleeping infant into the scanner (Case
H), when waiting for them to fall into a deeper sleep in the scanner would have been better (Case I). Others may need to be removed from the scanner and comforted
multiple times in order to collect adequate data (Cases J and L). Some extended scan sessions will result in adequate data collection (Case K), while others will seem
like anything and everything that can go wrong does (Case L), sometimes with data acquired and other times without. The key is to remain positive and to adapt to
each family.
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quality of data obtained. To this end, the WG established a set of criteria
to assess the effectiveness of each visit based on obtaining usable rele-
vant structural scans (e.g., T1w, T2w, depending on child age) and at
least two other modalities (i.e., dMRI, fMRI). TheWG also recommended
that an average success rate across all modalities (as a percentage) be
captured and reported to promote collection of all scan modalities
beyond those that would allow a specific visit to be determined to be a
binary “success.” To inform decision-making for how to support sites for
success, the WG recommended sites collect details about each scan visit
and interactions with the family, including 1) start and end times for the
visit, 2) sequence initiation, scan interruptions and cause, if the child
was awoken or remained asleep, and quality metrics for the scan (e.g.,
from FIRMM for sMRI, dMRI, and fMRI, and 3) visual inspection for the
structural and QALAS images and MRS).

In response to the need for standardization across sites, the WGmade
key decisions on equipment, environmental modifications, and team
training protocols for imaging durinal natural, non-sedated sleep. MRI-
compatible equipment for infant scanning, such as ear plugs, Mini-
Muffs®, and DREAMIES® hearing protection followed by MRI-
compatible headphones playing white noise throughout the scan, are
employed across sites. These measures aim to reduce the overall
acoustical sounds perceived by the sleeping child, while the constant
white noise helps avoid sudden changes in the acoustical sound from the
different sequences used. Additional environmental adjustments,
including reducing ambient light levels and playing MRI sounds (e.g.,
played over an in-room speaker or via tablets in a nursery-space), were
suggested to create a conducive atmosphere for maintaining sleep dur-
ing the MRI acquisition.

Team training included the SYPWG creating videos that demonstrate
how to position sleeping infants into the scanner, a “buddy system” in
which physically proximal sites could visit and share advice, and
bimonthly “office hours” in which questions could be brought to the SYP
WG. The WG also developed checklists and reporting tools to be used by
HBCD site monitors to ensure consistent data collection and to facilitate
communication across sites.

3.7. MRI Processing

Recent large-scale neuroimaging studies reveal that behavioral as-
sociations with brain imaging phenotypes may comprise small effects
(Dick et al., 2021; Smith and Nichols, 2018; Marek et al., 2022).
Furthermore, accurately estimating brain-behavior associations benefits
from large samples aggregated across many sites (Marek et al., 2022;
Feczko et al., 2021). Big data neuroimaging consortia, such as ABCD
study (Casey et al., 2018; Hagler et al., 2019), have been critical for
collecting large enough samples to ensure accurate effect size estima-
tion; HBCD will play a pivotal role in the advancement of big data
neuroimaging in early life. The Processing WG was formed to outline
data management and processing criteria in accordance with the Find-
able, Accessible, Interoperable, and Reproducible (FAIR) principles
(Wilkinson et al., 2016) and NMIND model (Kiar et al., 2023) to ensure
best standards and reproducibility.

The WG’s criteria for image processing pipelines were that they be
open source, integrative, and modular, utilizing advanced coding stan-
dards and validation strategies to maximize reproducibility
(Botvinik-Nezer et al., 2020; Goncalves et al., 2021). This includes
adherence to BIDS formatting standards (Gorgolewski et al., 2016);
version controlled containerized software that minimizes variation in
imaging phenotypes due to multiple computing platforms (Kurtzer et al.,
2017; Poldrack et al., 2017); and publicly available code with docu-
mentation to ensure transparency and invite community evaluation and
improvement (Kennedy et al., 2019). All software deployed for HBCD
will have gone through the NMIND tool evaluation process, providing
the community with information regarding adherence to basic software
standards (see www.nmind.org). The image processing pipelines uti-
lized are optimized to work across development and address unique

challenges presented by infant data, including differences in head size,
reduced SNR, increased motion artifacts, increased partial voluming,
and rapid shifts in tissue contrast (Mostapha and Styner, 2019).

For structural pre-processing, BIBSNet (Hendrickson et al., 2023), an
automated brain imaging segmentation tool, produces segmentations
that are fed into Infant-fMRIprep (Goncalves et al., 2021), an
infant-specific extension of fMRIPrep (Esteban et al., 2019a, 2019b).
Functional processing is performed by XCP-D (Ciric et al., 2018; Mehta
et al., 2023), a structural and resting state-fMRI (rs-fMRI)
post-processing pipeline optimized across the lifespan to extract struc-
tural and functional connectivity data, including processed dense and
parcellated time-series constructed from several predefined atlases. For
diffusion image processing, QSIPrep integrates Nipype’s infant-specific
workflow to provide measures related to proportion of restricted, hin-
dered, and free water; neurite density and dispersion; and cellularity
(Cieslak et al., 2021). SyMRI is used for quantitative MRI (QALAS) to
generate reproducible quantitative measures including T1w and T2w
contrasts, proton density, and myelin volume fraction (Fujita et al.,
2019; Kvernby et al., 2014).

For MR spectroscopy, the WG capitalized on ongoing efforts to
develop open-source software fully automated to convert raw data into
standardized NIfTI-MRS (Clarke et al., 2022) and BIDS-MRS
(Gorgolewski et al., 2016) formats, process, and perform analytics
using Python and MATLAB (Fig. 9; (Zollner et al., 2023)). The workflow
integrates consensus-recommended preprocessing (Near et al., 2021),
quality assurance, linear-combination modeling, voxel-specific tissue
segmentation (Hendrickson et al., 2023), quantification (including tis-
sue correction (Gasparovic et al., 2006)) and data visualization. The
Osprey tool (Oeltzschner et al., 2020), used for the processing, recon-
struction, and estimation of MRS data, quantifies key target metabolites
with an expected reliability, ie inter-subject coefficient of variation, of
9 % (NAA), 9 % (Glu), 9 % (GABA+), and 16 % (GSH) (Oeltzschner
et al., 2019; Mikkelsen et al., 2017, 2019).

The WG’s criteria for data management include version control and
metadata tracking for triage. HBCD data, housed at theMasonic Institute
for the Developing Brain (MIDB) and the Minnesota Supercomputing
Institute (MSI), are formatted according to BIDS standards (Gorgolewski
et al., 2016) and managed with DataLad, an open-source distributed
system for data versioning, reproducibility, and collaboration
(Halchenko et al., 2021). In addition, computing criteria focused on
ensuring reliable, high-throughput processing by leveraging platforms
optimized for agile data processing across multiple high performance
computing (HPC) clusters (Sherif et al., 2014; Poline et al., 2012).
Internally, two key neuroinformatics tools - LORIS (Longitudinal Online
Research and Imaging System) (Das et al., 2011) and CBRAIN (Canadian
Brain Imaging Research Platform) (Sherif et al., 2014) - were employed
for this purpose (Fig. 10). LORIS enables internal investigators to
perform filtered queries across neuroimaging data for summary and
participant-level information. Over the past 20 years, LORIS has trained
thousands of users on its platform to refine its user interface. LORIS
implementations have spanned across North America and include
multi-site studies such as the Infant Brain Imaging Study (IBIS) Autism
Center of Excellence (ACE) network (Hazlett et al., 2017), NIH Pediatric
MRI Database (Almli et al., 2007; Evans and Brain Development Coop-
erative, 2006), and Canadian Consortium on Neurodegeneration in
Aging (Chertkow et al., 2019). Coupled with this, CBRAIN (Sherif et al.,
2014), internal processes to generate, store, and provide public access to
data are well supported. Public release and public access to data will be
conducted through the NIH Brain Development Cohort (NBDC)
(Fig. 10). This portal is supported by Lasso (the commercial version of
LORIS), computing and storage hosted by MIDB and MSI, and tools such
as the Data Exploration and Analysis Portal (DEAP). The NBDC will
enable seamless search, queries and data selection, data downloads, data
sharing, ‘sandbox’ development and computing environments, com-
mand line access, and several direct analytic tools.

Finally, the WG’s criteria for quality assessment (QA) of processed
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imaging data include several quantitative measurements for each pipe-
line, along with crowdsourced visual inspection, the gold standard for
neuroimaging QA (Keshavan et al., 2019; Taylor et al., 2023). Crowd-
sourced qualitative QA is performed via BrainSwipes (https://www.
brainswipes.us/), a web application that trains users to evaluate the
quality of processed image outputs. Users are presented with brain im-
ages to QA and swipe “left” or “right” to “fail” or “pass” brain images,
respectively, and can also select the “Help” button to flag images for
triage by the HBCDWGs. Leaderboards are used to gamify the process to
facilitate usage. High-security standards are maintained to ensure
proper authentication and data visualization tools are used to display
swipe statistics to ensure QA fidelity. The origin of BrainSwipes comes
from SwipesForScience, an open source project that makes it easy to
create and customize crowdsourced QA to any dataset (Taylor et al.,
2023; Keshavan et al., 2019). Currently, BrainSwipes for HBCD is only
available to consortium members; however, public contributions to QA
will be made available in thre future as part of the NBDC platform.

The integrated standardized, open source pipelines, indexed and
verion controlled data repository (i.e. via DataLad), LORIS/Lasso,
CBRAIN, and BrainSwipes system and flexible access options enable an
agile data processing lifecycle, where the community identifies data
processing issues, relevant HBCD workgroups triage and resolve issues,
and the data is reprocessed and updated with transparent and open
communication when appropriate. This lifecycle enables the best stan-
dards and practices to be continually implemented transparently across
all imaging modalities within the HBCD Study.

4. Conclusion

The human brain undergoes rapid and key growth and development

throughout the first years of life. Building upon the work of existing
large scale neuroimaging efforts and capitalizing on recent technological
innovations and expertise across the Consortium, the HBCDMRIWG has
established an innovative, vendor-aligned, multimodal MRI and MRS
protocol linked with matched leading-edge analysis pipelines that will
be employed to comprehensively measure brain structure, function,
microstructure, and metabolite levels in infants and young children. The
result will be an unparalleled data resource for examining early infant
neurodevelopment which enables the larger scientific community to
assess and define normative neurodevelopmental trajectories
throughout infancy and early childhood and examine the genetic, bio-
logical, and environmental factors that help shape the developing brain.
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