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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 HBCD Study aims to reflect the sociodemographic diversity of pregnant
individuals in the U.S. The study will also oversample individuals who use substances during pregnancy and
enroll similar individuals who do not use to allow for generalizable inferences of the impact of prenatal substance
use on trajectories of child development. Without probability sampling or a randomization-based design, the
study requires innovation during enrollment, close monitoring of group differences, and rigorous evaluation of
external and internal validity across the enrollment period. In this article, we discuss the HBCD Study recruit-
ment and enrollment data collection processes and potential analytic strategies to account for sources of het-
erogeneity and potential bias. First, we introduce the adaptive design and enrollment monitoring indices to
assess and enhance external and internal validity. Second, we describe the visit schedule for in-person and
remote data collection where dyads are randomly assigned to visit windows based on a jittered design to opti-
mize longitudinal trajectory estimation. Lastly, we provide an overview of analytic procedures planned for
estimating trajectories.

1. Introduction

The HEALthy Brain and Child Development (HBCD) Study aims to
recruit a U.S. cohort of pregnant and postpartum individuals ages 18
years or older and follow the parent-child dyads until the child is at least
ten years of age. This multi-site study will facilitate addressing the
following objectives: 1) Characterize typical neurodevelopmental tra-
jectories, 2) Assess how biological and environmental exposures affect
these trajectories, 3) Assess how gene/epigenetic/environment

interactions influence trajectories, 4) Assess effects of early life exposure
to opioids, marijuana, alcohol, and/or other substances on neuro-
development, 5) Identify key developmental windows during which the
impact of exposures (including variables associated with COVID-19 and
high levels of maternal stress) influence later neurodevelopmental out-
comes, 6) Identify key developmental windows during which protective
influences are most impactful on these trajectories, and 7) Assess the
impact of early caregiver-child relationships on later developmental
outcomes.
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With the study objectives in mind, the enrolled cohort must (1)
reflect the sociodemographic diversity of the target U.S. birthing pop-
ulation (individuals aged 15–50 years in the US who gave birth within
the year, based on fertility data from the 2016–2020 American Com-
munity Survey (ACS) as a proxy), (2) include pregnant individuals who
used specific substances (opioids, marijuana, alcohol, tobacco) during
pregnancy, and (3) include pregnant people who did not use substances
during pregnancy, who are demographically and behaviorally similar to
those who used substances to enhance internal validity for causal
inference in this non-experimental study.

2. The HBCD study population

The HBCD Study is designed to advance our understanding of
neuroscience from a population perspective, similar to the Adolescent
Brain Cognitive Development (ABCD) Study (Garavan, et al., 2018). Due
to similar challenges faced by the ABCD Study, it is not feasible for the
HBCD Study to implement a probability sampling survey, a conventional
way to enroll representative study populations (often referred to as
“samples”). Probability sample surveys often start from a list frame of
eligible population units, all of which are assigned with known, non-zero
probabilities to be selected into the sample. A sampling frame of U.S.
pregnant individuals does not exist nor can it be constructed. Addi-
tionally, probability sample surveys have recently experienced rapidly
declining response rates and increased costs (de Leeuw et al., 2018). For
example, the Monitoring the Future (MTF, Schulenberg et al., 2021)
study has used school-based recruitment to study patterns of drug use
among 12th grade students and establish a panel of teens who are fol-
lowed into young adulthood. MTF response rates have rapidly declined
in recent years (Patrick et al., 2023). Due to these challenges, the HBCD
Study uses a quota- and volunteer-based enrollment strategy with
monitoring so that modifications to enrollment can be made to reach the
goal of a study cohort to ensure participants represent the sociodemo-
graphic diversity of the U.S. population of pregnant individuals and
ensure a sufficient sample size to assess prenatal substance use effects,
controlling for important potential confounders (i.e., adaptive enroll-
ment). Multiple strategies have been implemented to recruit, engage,
and retain underserved and hard-to-reach populations (Cole et al.; Jones
Harden et al.; Hillard et al.; Anunziata et al.).

Fig. 1 depicts the HBCD Study design to accomplish the three
recruitment goals through a single-cohort strategy with a focus on: 1)

external validity, i.e., sociodemographic representation of the general U.
S. population of individuals who recently gave birth, and 2) internal
validity, i.e., enhanced enrollment of pregnant people who use sub-
stances during pregnancy (SU) and similar pregnant people who do not
(snSU). To monitor external validity of the study cohort during
recruitment and enrollment, we compare the currently enrolled study
cohort to that of the proxy target population (i.e., U.S. individuals ages
15–50 years in 2020 who have given birth in the past 12 months) by the
following key characteristics: race, ethnicity, education, household in-
come, urbanicity, and residence area deprivation index (ADI, Kind and
Buckingham, 2018). Using the Adaptive Enrollment Dashboard, we assess
the distributions of the currently enrolled study cohort characteristics
with that of the target population to inform the need to, and timing of,
modifications to the site-specific targets to achieve overall external
validity. Any remaining differences in the enrolled study and the target
population at the end of the enrollment period will be remedied with
weighting approaches to enhance the generalizability of the study
cohort.

2.1. External validity: the target, source, and enrollment

A large-scale study cohort that reflects the demographic character-
istics of the target population is necessary to characterize the population
average neurodevelopmental trajectory and the natural heterogeneity
by race, ethnicity, education, household income, urbanicity, ADI, and
interactions of these generalizability characteristics. This unified
framework to monitor the study cohort during enrollment is necessary to
ensure these key study aims can be achieved. Generalizing inference
from HBCD findings to the target population requires determining the
representativeness of the study cohort compared to the target popula-
tion. The source population includes pregnant people within the
recruitment catchment areas of the 27 geographically diverse HBCD
sites that are mainly academic medical research centers and hospitals
(Nelson et al.; Volkow et al.). Each site defined catchment areas (by
county or zip codes) of potential participants, considering factors like
driving distances to the research center. Thirty one percent of the tar-
geted U.S. population lives within the HBCD consortium-wide catch-
ment areas.

The aggregated U.S. Census and ADI data (specifically, individual
demographic characteristics from the five-year (2015–2019) ACS data,
tract-level urbanicity indicators in 2019 from the U.S. Census, and

Fig. 1. The HEALthy Brain and Child Development (HBCD) Study enrolls a diverse cohort of pregnant individuals, with over-sampling of substance users during
pregnancy and a sufficient number of demographically and behaviorally similar pregnant individuals who do not use substances to allow for investigation of the
study aims. Abbreviations: SU= substance use (i.e., pregnant individuals who use substances during pregnancy). nSU = non-substance using (i.e., pregnant in-
dividuals who do not use substances during pregnancy). snSU=similar, non-substance using (i.e., similar to those who use substances with respect to potential
confounders).
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block-level 2019 ADI values) for each site’s catchment area were used to
estimate initial enrollment targets, by race, ethnicity, education,
household income, urbanicity, and ADI. Urbanicity and ADI characterize
the neighborhood environment of the sites’ catchment areas.

Urbanicity includes urban areas or urban clusters from the Census
tract level using data from the 2019 U.S. tract data and 2019 U.S.
UAC10 data. The ADI is a summary index measuring multi-dimensional
socioeconomic factors of income, education, employment, and housing
quality to the Census block group level. We chose these characteristics
because they are likely predictive of the analytic outcome and the
sample inclusion mechanism (Little and Vartivarian, 2005; Si, 2024).
The site-specific targets are formed to match the population distribu-
tions of these key characteristics in their corresponding catchment area.
Site investigators reviewed the initial enrollment targets and provided
feedback regarding the feasibility of reaching the targets based on the
pregnant people they believed they could access in the catchment area.
Small modifications were made to the initial targets to improve the
likelihood the site could reach their targeted characteristics of enrolled
participants. The modified targets were used for the site’s enrollment
goals; aggregation of these site-specific targets reflects the
consortium-wide targeted characteristics of enrolled participants.

The demographic characteristics of the target population were
compared to the consortium-wide targeted characteristics of enrolled
participants (Table 1). Compared to the target population, the

anticipated HBCD Study cohort based on the sites’ catchment areas may
in the end have a greater proportion of Black individuals, with an annual
household income higher than $100 K, and a college education (or
higher degree). The anticipated HBCD Study cohort may be more urban
and residing in areas with lower area deprivation. At the conclusion of
the HBCD Study enrollment period, weights will be estimated to ensure
inferences from the HBCD Study cohort are generalizable to the target
population of U.S. birthing women, particularly to rectify underrepre-
sentation of residents in rural areas and with higher material
deprivation.

2.2. Internal validity: people who do and do not use substances while
pregnant

Overall, during pregnancy the prevalence of addictive substance use,
including opioids, cannabis, alcohol, and tobacco, in the U.S. was at
least 10 % in 2020 (Substance Abuse and Mental Health Services
Administration, 2020). To ensure adequate power to investigate indi-
vidual and polysubstance use exposures during pregnancy on maternal
and child health outcomes, a study cohort enriched with people using
substances during pregnancy is required. Opioids, marijuana, alcohol,
and tobacco were identified as the substances of interest. A target of
25 % of the total study cohort was set for the enrollment of people who
use any of these substances during pregnancy. Individual substance
targets were also established including 12 % opioid use, 12 %marijuana
use, 12 % alcohol use, and 12 % tobacco use, which includes poly-
substance use between the four substances. Prenatal substance use is
assessed via multiple modes at enrollment including self-report, elec-
tronic health record (EHR) diagnosis of substance-related syndromes in
child participants, and research-based biochemical assays, with speci-
fied threshold definitions of exposure for each substance (Gurka et al.).
These criteria are used solely to define minimum prenatal use of sub-
stances to ensure that the consortium enrolls a study cohort enhanced
for opioid use and other substances of interest during pregnancy.
Importantly, individuals with any substance use below these criteria are
still enrolled, ensuring a wide range of exposures for analysis.

To ensure internal validity of causal inferences in a non-experimental
study design comparing child outcomes in those who were and were not
exposed to substances in utero, we will identify study participants who
did not use substances during pregnancy (unexposed) that had similar
characteristics to those who did (exposed). This comparison group is
needed to achieve internal validity. Even when analytic tools are used to
address confounding, there must be enough overlap of confounder
variables between exposed and unexposed participants to assure valid
inference, and ideally extensive measurement of the potential con-
founders to be able to adjust for them (Rosenbaum and Rubin, 1983;
Stuart, 2010).

Given that people who use substances during pregnancy may have a
relatively rare constellation of characteristics on key confounders, the
general population of unexposed participants (nSU) may not provide
sufficient comparison. HBCD must ensure enough similar, non-
substance using participants (snSU concept in Fig. 1). For this reason,
HBCD is actively monitoring the enrollment of the unexposed group
with respect to confounder distributions to ensure sufficient overlap
with the substance using group. This is operationalized via predicted
propensity score (PS) of using substances (individual and overall use)
during pregnancy. The PS for substance use is estimated for all partici-
pants, regardless of actual exposure status, from models that include
measured variables considered to be likely confounders for many of the
key scientific questions about the relationship of substance use during
pregnancy and developmental outcomes.

2.3. The adaptive enrollment dashboard

During the HBCD Study recruitment/enrollment period, (a) external
validity is monitored by comparing characteristics of the enrolled study

Table 1
Distribution of key generalizability variables in the U.S. population and HBCD
Study recruitment targets.

Group Target
population1

HBCD recruitment goals
based on the consortium-
wide catchment area

Size Total 3987,092 1232,329
Race White 68.1 % 61.4 %

Black or African
American

14.6 % 21.3 %

American Indian
and Alaska Native

1 % 1.4 %

Asian 6.5 % 6 %
Native Hawaiian
and Other Pacific
Islander

0.3 % 0.1 %

Two or more races 3.3 % 4.3 %
Other 6.2 % 5.5 %

Ethnicity Hispanic or Latino 22 % 18.2 %
Education High school or

equivalent graduate
or lower

34.7 % 33.1 %

Some college or
associate’s degree

30.9 % 28.9 %

Bachelor’s degree 21.3 % 22.3 %
Graduate or
professional degree

13.1 % 15.8 %

Household <10k 6 % 6 %
income 10–75k 41.8 % 40.6 %

75–100k 14.3 % 14.3 %
100–200k 27.6 % 28.1 %
200k 10.4 % 10.9 %

Urbanicity2 Urban 55.7 % 62.5 %
Area <=25 24.5 % 29.6 %
Deprivation 25–50 24.5 % 26.5 %
Index3 50–75 24.5 % 23.3 %

75–100 26.6 % 20.7 %

1. The 2015–2019 American Community Survey (ACS, weighted) of U.S. women
ages 15–50-year-old who had given birth in the past 12 months is the target
population.
2. The urban indicator is on the tract level that we construct based on two census
data sources: 2019 U.S. tract data (https://www2.census.gov/geo/tig
er/TIGER2019/TRACT/) and 2019 U.S. UAC10 data (https://www2.census.
gov/geo/tiger/TIGER2019/UAC/).
3. The calculation is based on the block-level 2019 Area Deprivation Index
values (https://www.neighborhoodatlas.medicine.wisc.edu).

Y. Si et al. Developmental Cognitive Neuroscience 69 (2024) 101432 

3 

https://www2.census.gov/geo/tiger/TIGER2019/TRACT/
https://www2.census.gov/geo/tiger/TIGER2019/TRACT/
https://www2.census.gov/geo/tiger/TIGER2019/UAC/
https://www2.census.gov/geo/tiger/TIGER2019/UAC/
https://www.neighborhoodatlas.medicine.wisc.edu


cohort with the target population and (b) internal validity is monitored
by visualizing the confounder balance across the substance using and
non-substance using participants. The external and internal validity-
relevant comparisons are visualized in the Adaptive Enrollment Dash-
board (accessible to study investigators) and updated daily (Fig. 2).

The dashboard is monitored by multiple groups of investigators,
including the Design Working Group. Threats to external and internal
validity of the study visualized in the dashboard as well as site-specific
differences in their targets and enrolled participants are addressed
with modifications to recruitment.

The distributions of race, ethnicity, education, and household in-
come from the 2015–2019 ACS data of U.S. women ages 15–50 years old
who had given birth in the past 12 months are coded in the dashboard as
external validity targets. These measurements from the enrolled HBCD
Study participants are visualized as the difference between their
observed distribution and the target proportion (Fig. 3). The geographic
characteristics of urbanicity and ADI distribution are also visualized. In
addition to the marginal distributions of the characteristics of the target
and enrolled study cohort, joint distributions based on important high-
order interaction terms can also be visualized.

The study is designed to recruit individuals to help maximize internal
and external validity, as described above. However, given the antici-
pated differences in the HBCD Study cohort and the target population, it
is likely that additional analytic approaches will help enhance the
external validity of the ultimate analyses. In particular, weights devel-
oped through raking (e.g., iterative proportional fitting) or post-
stratification based on the generalizability variables can further
strengthen the external validity of HBCD findings. Weighting improves
external validity but potentially reduces precision with increased vari-
ance. The dashboard will incorporate weighting adjustments and
monitor their performance by illustrating the weighted summary sta-
tistics, including the weighted proportions of the generalizability vari-
able categories, and the design effect, defined as the ratio of weighted
variance estimates to unweighted variances, measuring the precision
loss due to weighting. Effectively, the Adaptive Enrollment Dashboard
can monitor the bias and variance tradeoff of the weighting approaches.
When the weighted summary statistics from the HBCD Study cohort do
not match those of the target population, or the design effect is sub-
stantial, recruitment and enrollment strategies will be modified. Site-
specific modifications to enrollment targets follow the principle that
consortium-wide external validity according to the chosen characteris-
tics is the priority. If one site has difficulty recruiting individuals with
some characteristics, for example, rural participants, the modification
could be moving this site’s rural target to another site that has been
successfully recruiting individuals from rural areas and increasing the

latter site’s rural target numbers.
Similarly for internal validity, the Adaptive Enrollment Dashboard

will compare the PS distributions and characteristics of the enrolled
people who use substances (individual and overall use) during preg-
nancy and enrolled people who do not. The larger the overlapping area,

the more similar the two groups are on key confounders. For each
confounder variable, the dashboard provides visualization of that vari-
able’s distribution before and after a PS adjustment when comparing the
individuals using that substance and those not using that substance. The
PS adjustment methods include inverse PS weighting and matching.
Ideally, the PS adjusted confounder distributions should be more similar
than those before the adjustment. Simultaneous monitoring both PS
overlapping and covariate balance is key to achieving internal validity
with successfully enrollment of the exposed and unexposed groups who
are demographically and behaviorally similar.

The ultimate goal of monitoring the internal and external validity of
the enrolled HBCD Study cohort is to inform site-specific modifications
to recruitment and enrollment targets to bolster the external and inter-
nal validity of inferences from the study cohort at the conclusion of the
recruitment/enrollment phase.

3. Longitudinal design

Longitudinal data are crucial for addressing the HBCD Study aims to
characterize within-person change over time and to estimate neuro-
developmental trajectories. However, given the limitations of study
participation burden and cost, it was not possible to obtain a dense set of
assessments across the entire age-span of interest (birth to ten years of
age). Therefore, visit timing was a primary consideration in designing
the longitudinal component of the study. It is important to note that
there will be more remote and in-person visits as the study progresses
and the participants grow older, but their timing and the assessments to
be collected have yet to be completely decided as of the writing of this
paper. We thus describe the visit design up to 17months adjusted age for
the child participants; we use the term “adjusted age” to refer to the
number of months from estimated due date (EDD), rather than the
number of months from birth.

The HBCD Study visit schedule, planned as a combination of in-
person and remote visits across the first decade of life, supports a
complex and comprehensive protocol that includes assessments of
children’s physical (Cioffredi et al.; Pini et al.), emotional, cognitive
(Kable et al.), and neurobiological development (Elinor et al.; Dean
et al.; Fox et al.) and measurements of parental health and well-being,
prenatal substance use exposures (Gurka et al.), caregiver-child re-
lationships (Edwards et al.), and other social and environmental factors

Fig. 2. Adaptive Enrollment Dashboard in the HBCD Study.
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that may impact child development outcomes (Cioffredi et al.).
Fig. 4 presents the planned longitudinal visits. Visit 1 is prenatal and

occurs between gestational week 13 and birth. There will be a relatively
small proportion of participants who will be enrolled after childbirth
and hence will not have a Visit 1. In addition to a prenatal in-person
visit, there will be three in-person (Visits 2, 3, and 4) postnatal visits
and one remote (Visit 5) visit in approximately the first one and a half
years of life. All three of these in-person visits will collect magnetic
resonance imaging (MRI), whereas electroencephalographic (EEG) data
will be collected in Visits 3 and 4. Planning of visit structure and pro-
tocols following remote Visit 5 is ongoing as of the writing of this paper.
Frequency of assessments will decrease following Visit 5, at some point
likely settling into annual in-person visits.

The design of the study sought to balance intense data collection
during the rapid period of child growth and development with partici-
pant and site burden in the data collection process. Thus, the study will
use a ‘jittered’ design and randomly assign participants into jittered
micro-bins (Fig. 4) beginning at Visit 3 to provide maximal data
coverage with minimal operational burden. Another important benefit
of this “jittered design” is the variable length of time between visits
across participants, thus optimizing the ability to estimate within-person
developmental trajectories at the individual level from relatively sparse
longitudinal data with minimal assumptions regarding the shape of
these trajectories (Staniswalis and Lee, 1998).

There were additional considerations in implementing this longitu-
dinal design to balance rigorous analysis of the resulting data, and
participant burden. First, once a participant has been assigned to a
particular micro-bin for a given visit, they are allowed to schedule the
visit any time in that micro-bin; however, all of the components of the
visit are required to be finished within 30 days of each other; if there are
both MRI and EEG assessments during the visit, they are required to be
scheduled within 14 days of each other. These requirements were put in
place to enable treating them as more-or-less contemporaneous for
statistical analyses relating these measures to each other. Given the
rapid rate of infant development, it is likely unrealistic to assume as-
sessments spread out over several months are contemporaneous and
hence would require more complex analytical strategies to relate to each
other.

A second consideration was ensuring that visits did not occur too
close together. Thus, the randomization into micro-bins was restricted
so that the next in-person visit would not occur less than two months
later. This maximizes the utility of the longitudinal assessments by
allowing for a meaningful amount of time to pass between collections of
the same assessments (e.g., MRI) while also allowing time for resched-
uling components of a visit if necessary, without impinging on the next
in-person visit.

Fig. 3. An example of the visualization of differences in the enrolled HBCD Study cohort and the target population (Black dots: target; red dots: recruitment lower
than targets; blue dots: recruitment higher than targets).

Fig. 4. Longitudinal follow-up visits. Note: The visit schedules are only current
as of the time of manuscript submission and may change during the piloting
study and implementation refinement.
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3.1. Visit structure

Visit 1 is an in-person visit that occurs during pregnancy, with the
exception of 10 % of the sample that can be enrolled postnatally if
limited prenatal care visits occurred (< 4 visits). Sites are directed to
ideally enroll participants around 20 weeks of gestation. Visit 2, the first
postnatal visit, is intended to occur from 0 to 1 months post EDD. There
will be a proportion of Visit 2’s that occur before this (for babies born
before their EDD) and after this (in the 2–3 months post-EDD period) if,
for various reasons, it is not possible to schedule a visit from 0 to 1
months post EDD.

The possible micro-bin sizes for Visits 3 and 4 are larger, and the
procedure for scheduling these was carefully designed to fill them out as
uniformly as possible across participants. Visit 3 happens from [3,9)
months (where the notation [x, y) implies the visit times t can be equal or
larger than x but strictly smaller than y), and Visit 4 happens from [9,15)
months. These bin sizes are likely to be fairly large compared to the
rapid developmental change occurring in infants in these age ranges.

To fully assess developmental change, it was decided to obtain a
uniform distribution of participant ages from 3 to 17months during both
in-person and remote visits. This is being accomplished by randomizing
participants into smaller 90-day windows (so called “micro-bins”)
within each of the larger bins. For example, Visit 3 is subdivided into [3,
6), [4,7), [5,8), and [6,9) month micro-bins. Likewise, Visit 4 is sub-
divided into [9− 12), [10,13), [11,14), and [12,15) month micro-bins
(see Fig. 4). As soon as the EDD is established for a given child, that
child is randomly assigned to a randommicro-bin for each of Visits 3 and
4. This randomization will ensure a uniform distribution of ages for in-
person visits from [3,15) months.

Remote Visit 5, occurring between [10− 17) months, is yoked to the
previous in-person visit (i.e., Visit 4) and scheduled to occur between 30
and 60 days after its completion. The rationale for this is to facilitate
analyses where measures from both the in-person and remote visits are
included (e.g., in a regression where an MRI feature may be used to
predict a behavioral outcome collected during the remote visit). More

details are provided below.
Note, the visit schedules are only current as of the time of manuscript

submission and may change during the piloting study and imple-
mentation refinement.

3.2. Pre-visit, in-person, and after-visit alignment

The first four visits of the HBCD Study are done primarily in person
(Fig. 5), and include MRI, EEG, and interactive social and cognitive
assessments (e.g., individually administered play tasks); however, a
proportion of surveys, questionnaires, and additional elements may be
completed remotely prior to the visit or within a visit. Then, starting
with Visit 4, each in-person visit is planned to have an accompanying
yoked remote visit (e.g., Visit 4 in-person + Visit 5 remote) that occurs
one to twomonths following the end of the in-person visit. This structure
creates several timepoints for the administration of assessment relative
to collection of in-person (i.e., brain) data: pre-visit (remote), in-person
visit, yoked visit (remote). To minimize participant burden during in-
person visits any study elements that could be done remotely was
administered in either a pre-visit or yoked visit.

Careful consideration went into planning the timing of administra-
tion of the various elements of the HBCD Study protocol across the visit
schedule. One of the primary aims of the HBCD Study is to characterize
subject-level neurodevelopmental trajectories using MRI and EEG data
to better understand how various prenatal and early life experiences and
exposures may alter these trajectories to impact child outcomes such as
physical, emotional, and cognitive development. The temporal order of
exposure–brain–outcome is thus a critical feature of the protocol design.
Where feasible, order of administration of remote assessments was
aligned with the structure described above, so that exposures were
assessed in the pre-visit and outcomes were assessed in the yoked remote
visit. When an exposure was considered as relatively stable and/or on-
going (e.g., exposures to environmental toxicants due to residential
location) it was approved to be administered within the yoked remote
visit. An additional consideration was to ensure that any element that

Fig. 5. The HBCD Study visit schedule includes a combination of in-person and remote visits across the first decade of life, to collect data on children’s physical,
emotional, cognitive, and neurobiological development, and measurements of prenatal and early life experiences. In-person visits focus on collecting interactive
assessments of social and cognitive development, biospecimens, biosensor data, and neurobiological information (MRI, EEG). Remote visits include surveys and
questionnaires completed on an internet-enabled electronic device.
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was presented at a particular time (i.e., yoked visit) remained in that
window if repeated longitudinally so it would have the same timing
relative to in-person data throughout the study.

4. Analytical strategies

There will likely be an enormous range of analytical strategies
applied to the HBCD data once they publicly available. This is ultimately
highly desirable, especially if these analyses are made reproducible by
code sharing (e.g., via GitHub), an important act all investigators using
these data should strongly consider doing. Thus, we do not wish to imply
that certain analyses are favored over others here. However, certain
analytical strategies were paramount in the consideration of the HBCD
consortium during the design phase of the study.

First, as described above, external and internal validity were of
paramount importance. We have designed and been monitoring the
HBCD Study recruitment and enrollment to improve the data quality and
reduce potential error and burden in the adjustment during the analysis.
To take advantage of the generalizability of the sample analysis of HBCD
data should account for the design by either including the weights or the
generalizability variables given in Table 1. The literature recommends
the use of population weighting in descriptive summaries, and their role
in analytic models depends on the model specification (Si et al., 2024).
Similarly, propensity score weighting adjusts for the observed differ-
ences between exposed and unexposed groups in observational com-
parisons, such as comparing children exposed to substances prenatally
and those who were not. In the HBCD data analysis, it could be the case
that we have to combine both population weighting and propensity
score weighting to achieve both external and internal validity (as in
Dong et al., 2020). Weighting is attractive because it can be applied all
outcomes and analyses. In addition to weighting, matching and outcome
regression methods can also be used for confounder adjustment.
Outcome prediction models could potentially improve efficiency
because of introduced model structure, but they are outcome specific.
Hybrid approaches combine weighting and outcome prediction ap-
proaches, such as doubly robust estimators, have become popular.

The estimation of individual developmental trajectories was central
when designing the longitudinal visit structure. Mixed-effects models
will be commonly utilized to accomplish this, with nesting within child
(and within family for twins/siblings who are both included in the
study). The jittered visit design was chosen to optimize the ability to
estimate individual developmental trajectories with minimal assump-
tions as to their shape (Staniswalis and Lee, 1998), Non-parametric
curve estimation of longitudinal data is commonly-termed Functional
Data Analysis (FDA, Ramsay and Silverman, 1997; Morris, 2015), which
consists of a large and growing body of methods which can be applied to
HBCD longitudinal data once they are available. For example, FDA
methods have been adapted to perform mediation analysis where brain
function is a mediator of exposures on behavioral outcomes (Lindquist,
2012).

5. Conclusions

The HBCD Study will collect unprecedented data of pregnant and
postpartum people and their live born children from birth to early
childhood to enable characterization of natural variability and trajec-
tories of child development. The study cohort will reflect the socio-
demographic diversity of pregnant people in the study catchment areas
and include an enhanced group of people who use substances during
pregnancy and a demographically and behaviorally similar group who
do not use substances during pregnancy. Careful design and close
monitoring in the recruitment and enrollment aim to achieve the
generalizability and the assessment validity of the impact of prenatal
substance use on neurodevelopmental trajectories of children. The lon-
gitudinal design of in-person and remote data collection visits randomly
assigns individuals based on a jittered design to allow for optimal

longitudinal trajectory estimation and valid assessments of various
exposure effects on developmental trajectories. All HBCD data will be
made available to the scientific community and facilitate open science to
allow a comprehensive integrative study of multi-dimensional factors, e.
g., biological and environmental exposures and gene/epigenetic/envi-
ronment interactions, and their interactive influences on child devel-
opmental trajectories.
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