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Abstract

Recent technological and analytical progress in brain imaging has enabled the examination of
brain organization and connectivity at unprecedented levels of detail. The Human Connectome
Project in Development (HCP-D) is exploiting these tools to chart developmental changes in brain
connectivity. When complete, the HCP-D will comprise approximately ~1750 open access datasets
from 1300 p healthy human participants, ages 5-21 years, acquired at four sites across the USA.
The participants are from diverse geographical, ethnic, and socioeconomic backgrounds. While
most participants are tested once, others take part in a three-wave longitudinal component focused
on the pubertal period (ages 9-17 years). Brain imaging sessions are acquired on a 3 T Siemens
Prisma platform and include structural, functional (resting state and task-based), diffusion, and
perfusion imaging, physiological monitoring, and a battery of cognitive tasks and self-reports. For
minors, parents additionally complete a battery of instruments to characterize cognitive and
emotional development, and environmental variables relevant to development. Participants provide
biological samples of blood, saliva, and hair, enabling assays of pubertal hormones, health
markers, and banked DNA samples. This paper outlines the overarching aims of the project, the
approach taken to acquire maximally informative data while minimizing participant burden,
preliminary analyses, and discussion of the intended uses and limitations of the dataset.
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The transformation from childhood to mature adulthood is a period of dramatic change in
brain and body. Major physical and hormonal events transform the body, and foundational
maturational processes shape brain and behavior, with widespread impact on cognition,
health, and daily functioning. Despite the centrality of childhood and adolescent
neurodevelopmental processes, our understanding of how human brain networks change
over development remains fragmentary.

Technical advances in noninvasive human neuroimaging have provided powerful tools to
probe fundamental questions about neurodevelopmental processes at the macroscopic scale.
This includes successful efforts of the Human Connectome Project (HCP), a pair of NIH-
funded consortia providing analytic tools and foundational data on brain circuitry in young
adults (Fan et al., 2016; Glasser et al., 2016a; Setsompop et al., 2013; Smith et al., 2013; Van
Essen et al., 2013). The Lifespan Human Connectome Project in Development (HCP-D) is
taking advantage of these technical advances to generate a foundational dataset that
advances our understanding of the development of brain organization and connectivity in 5-
21 year olds. The HCP-D consortium includes four imaging sites — Harvard University,
University of California-Los Angeles (UCLA), University of Minnesota (UMinn), and
Washington University in St. Louis (WUSTL) — with Oxford University contributing to
acquisition and data analytic approaches. Here, we provide an overview of the HCP-D,
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including project aims, the data being acquired, key decisions that led to the final HCP-D
protocol, and preliminary results. Details on the brain imaging acquisition protocol can be
found in a companion paper by Harms et al. (under review).

1. Overview OF HCP-D

1.1. Aims

The HCP-D has four interrelated scientific aims: Aim 1: Adapt existing HCP protocols to
the practical challenges of studying developmental populations. The magnetic resonance
imaging (MRI) scanning protocols used by all four acquisition sites balance two constraints
— to harmonize with data from the original HCP but also to adapt data acquisition to specific
challenges of developmental imaging. This includes the need to reduce participant burden
and to cope with an anticipated greater head and body motion that is common in children.

Aim 2: Acquire high quality multimodal imaging data to characterize age-related
changes in brain network organization and connectivity. HCP-D is generating brain
imaging data from 1300 p healthy volunteers, ages 5-21 years, emphasizing connectivity in
tandem with rich characterization of behavior, health, and environmental factors. A
longitudinal component focuses on within-subject changes in brain connectivity within the
active pubertal phase.

Aim 3: Prioritize inflection points of health-relevant behavioral changes within specific
developmental phases. HCP-D will enable the study of links between pubertal and brain
network development, aiming to distinguish between age-related versus pubertal-related
changes in brain connectivity. Another focus is on reward and cognitive control interactions,
a set of processes that have important health-related implications for adolescents.

Aim 4: Optimize data processing schemes for developmental data and make the data

and analytic tools publicly available for the scientific community. The HCP-D analysis
pipelines will be adapted to accommaodate unique features of developmental MRI data, and
the data will be made freely available to the scientific community.

1.2. Relation to other brain imaging projects

The HCP-D builds on the success of the HCP Young Adult (HCP-YA) Project, which
studied 1100 22-35 year olds from 2010 to 2016 (Van Essen et al., 2013). Continuity across
the lifespan is provided by two additional projects: the Human Connectome Project in Aging
(HCP-A) spans ages 36-100 p years (Bookheimer et al., under review) and the “Baby
Connectome” project spans ages 0-5 years using methods customized for very young
children [http://babyconnectomeproject.org]. Although the HCP-D and HCP-A are distinct
projects with dissociable goals and methods, the consortia overlap extensively in institutions,
investigators, staff, and leadership. This facilitates coordination across many commonalities
between the two projects, as detailed in a companion paper (Harms et al., under review).
That said, there are important differences in imaging protocols reflecting the need to
customize the project to the scientific and pragmatic needs associated with a developmental
population.
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HCP-D also aims for synergy with other larger-scale imaging studies on developmental
populations, while retaining a unique focus. For example, recent publicly available datasets
including the Philadelphia Neurodevelopmental Cohort (Satterthwaite et al., 2014a; age 8-
21 years), the Pediatric Imaging, Neurocognition, and Genetics study (Brown et al., 2012;
age 3-20 years), Imagen (Schumann et al., 2010; age 14-16 years), and Generation R
(Kooijman et al., 2016, White et al., 2018; age 6-11 years) have yielded numerous
publications that enhance our understanding of neurodevelopment. We anticipate that HCP-
D data will be useful not only for replication studies but also for many additional analyses
that capitalize on high data quality, diverse modalities, preprocessing via “HCP-style”
pipelines and analysis strategies (Glasser et al., 2016a; b), a focus on brain connectivity
development, and the availability of hormonal assessments.

HCP-D is also complementary to the ongoing Adolescent Brain and Cognitive Development
(ABCD) project (Volkow et al., 2017; Casey et al., 2018). The HCP-D is mainly a cross-
sectional project spanning ages 5-21 years, with embedded longitudinal cohorts around
puberty, whereas ABCD is a fully longitudinal study starting at ages 9 and 10. The studies
assess many of the same imaging modalities, with conceptual overlap on the fMRI tasks.
Further, many out-of-scanner assessments are intentionally matched across projects. Results
from the HCP-D cross-sectional component will enable hypothesis generation that can be
tested for replication on ABCD data once children have passed from puberty into young
adulthood. The potential for data-driven analyses in the HCP-D that can be replicated in the
ABCD data is a crucial step to validate the results of more exploratory analyses.

2. Population of study

2.1. Whatis “typical development”?

HCP-D aims to characterize changes in brain networks over typical development, yet there is
no agreed-on or precise definition of “typical development”. We therefore set participant
inclusion and exclusion criteria to represent a broad range of typical human traits and
behavioral patterns, but to exclude individuals: a)who could not feasibly complete the study
in a way that is comparable to other participants (e.g., those with learning disabilities or
insufficient English fluency), 4) who have health problems that would compromise their
inclusion within the broader dataset or jeopardize their anonymity when the data are publicly
released, and ¢) who have disorders that may have altered the course of typical development.
It is also necessary to exclude any participants with contraindications for MRI (due to safety
and/or data quality), which entails excluding many children having orthodontic treatment.
Our approach to inclusion/exclusion largely parallels that used for HCP-YA and HCP-A.

Aside from these constraints, the inclusion and exclusion criteria preserve substantial
heterogeneity in many domains. For instance, participants remain in the study irrespective of
whether they test positive or negative on a urine drug screen, whether they have elevated
symptoms of psychiatric illness (as long as they have not been diagnosed and treated for 12
months or longer), and whether they are using prescription medications such as oral
contraceptives. Detailed data are acquired on these heterogeneous facets of the sample so
that analyses will be able to statistically control for them, or examine effects dependent on
them, as desired. In addition, there are no restrictions on enrolling multiple members of the
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same family, which could include siblings in HCP-D, or children whose parents or
grandparents are participating in HCP-A. We are making a good-faith effort to collect
information about relatedness based on participant report. This information will be included
in future data releases, although its access will be restricted. Table 1 provides a broad
overview of HCP-D inclusion and exclusion criteria, with the complete inclusion and
exclusion screening provided in Supplementary Table 1.

2.2. Sample

The HCP-D aims to enroll N = 1300 p children, adolescents, and young adults ranging in
age from 5 to 21 years. The total number of participants was selected to maximize the
quantity of data acquired within the constraints of the project duration, available funding,
and balancing between cross-sectional and longitudinal sessions. The upper and lower
bounds of the age distribution were set for programmatic reasons to conform to the NIH
Funding Opportunity Announcement (FOA. This age range provides continuity but not
overlap with the neighboring HCP-YA and HCP Baby projects. Recruitment for the finalized
protocol began in the spring of 2017 and has proceeded on a pace that should enable meeting
our recruitment objectives. As of July 2018, 665 HCP-D subjects have been recruited of the
total of 1344 participants targeted for initial sessions by the end of 2019. We anticipate that
the remaining stages of recruitment will be more challenging in order to meet our multiple
demographic targets (age bins, sex, race/ethnicity, and SES).

The intended number of total datasets varies by age to oversample the ages for which rapid
development in brain networks is expected (see Fig. 1 for sample targets by age). These
recruitment goals reflect logging based on the number of participants who undergo an MRI
scan, anticipating that a small proportion of participants will be entirely unusable, and that
some data components may be missing or unusable for included participants. The minimum
data necessary to qualify a dataset for inclusion is the successful consent, intake, and
acquisition of a T1w and T2w scan; fortunately, the vast majority of participants to date have
completed the assessments in their entirety.

Most participants (n = ~1060+) complete the study once as cross-sectional-only participants
(Fig. 1, red). Approximately n = 240 participants participate in a three wave longitudinal
acquisition, returning for repeat testing two additional times 15 months apart (Fig. 1, green
and blue). The longitudinal component focuses on early-middle (green) and middle-late
(blue) phases of active pubertal development. Sampling goals, inclusion criteria, and
exclusion criteria are identical between the cross-sectional and longitudinal samples. Section
2.3 below provides additional information on the longitudinal component.

Participants under 18 years are accompanied by a parent or legal guardian who provides
informed, written permission for their child’s participation. Parents of minors also complete
a battery of tasks and assessments (see Section 5.2), reporting about themselves, the family
environment, and about their child’s traits. Both parents and children are remunerated for
their time spent participating in the study.

We aim for balanced numbers of male and female participants at each age (except where
noted below for the longitudinal component). For tracking and balancing recruitment goals,
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we rely on biological sex but we also acquire data on self-perceived gender including non-
binary options. Our sampling aims to match the ethnic and racial diversity of the United
States according to 2016 Census data (www.census.gov/quickfacts/fact/table/US/
PST045216). We also aim for diversity across socioeconomic status (SES) with a good faith
effort to distribute SES over sex and race. We exploit the different demographics of the four
acquisition locations (Boston, Los Angeles, Minneapolis, St. Louis) to achieve an
appropriately diverse sample on ethnicity, race, and SES). In HCP-D, SES is computed using
income-to-poverty ratio which is based on family income relative to poverty thresholds,
adjusted for family size (Diemer et al., 2013). We aim to acquire approximately one third of
the participants with income-to-poverty ratio in the 0-2.5 range, one third in the 2.5-5 range,
and one third above 5. Achieving sampling diversity is very challenging for neuroscientific
research, and no entirely normative developmental neuroimaging samples have been
reported despite evidence that sampling biases exert a substantial impact on
neurodevelopmental measurements (LeWinn et al., 2017). These recruitment targets should
provide more ethnic, racial, and SES diversity than most previous developmental
neuroimaging samples.

2.3. Longitudinal component

When originally designing the study, we were motivated to include a large longitudinal
component within the HCP-D, given the inferential strengths of longitudinal approaches for
making claims about the trajectories of developmental processes. Given the resources and
size constraints specified by the FOA, the consortium elected to focus the longitudinal
component on pubertal hormone-related changes from late childhood through late
adolescence.

The focus on pubertal mechanisms reflects its role as a major biological event that propels
developmental change. Despite the importance of hormones in neurodevelopmental
processes (Giedd et al., 2006; Goddings et al., 2014; Romeo, 2003; Sisk and Foster, 2004;
Spear, 2000), the relationship between puberty and brain connectivity changes remains
poorly understood. This is, in part, due to the pragmatic challenges associated with
characterizing pubertal development, especially hormonal components of puberty (Dorn et
al., 2006; Shirtcliff et al., 2009). Methodological difficulties of measuring puberty have
resulted in inconsistencies across studies (Granger et al., 2004), a problem exacerbated by a
paucity of reference datasets to validate interrelationships across multiple measures of
pubertal change (e.g., self-report, saliva and hair hormone concentrations) (Gao et al., 2013).
Further, because hormonal effects occur within specified age windows but with great
individual differences (Sizonenko, 1978), comprehensive mapping of hormone-brain
relationships requires a wide enough age span to capture transitions into and out of the
active windows of change.

The longitudinal component is a four-cohort design including equal proportions of 9-year-
old females (tracked until 11-12 years), 13-year-old females (tracked until 15-16 years), 10-
year-old males (tracked until 12-13 years), and 14-year-old males (tracked until 16-17
years) with approximately 60 participants in each group. These ~240 participants return to
complete the HCP-D battery two additional times 15 months apart, totaling three
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measurements across 2.5 years. Longitudinal sampling begins earlier for females than males
because of differences in pubertal onset by sex (females initiating ~1 year earlier than males,
on average) (Kaplowitz et al., 2001; Sizonenko, 1978).

The study procedures are nearly identical for every testing session, regardless of whether the
participant belongs to the cross-sectional or longitudinal sample, and regardless of wave for
the longitudinal study. The key exception is that for certain tasks and tests it is advantageous
for stimuli not to be repeated, to avoid habituation or practice-related confounds across
visits. These exceptions are noted where applicable.

3. Study flow

Fig. 2 presents an overview of a typical study timeline for participants who are 5-17 years
old (i.e., with parental involvement); Supplementary Fig. 1 details the timeline for
participants 18 and above. For all participants, the second session is typically administered
within two weeks of the first, with a maximum lag between sessions of 1 month.

4 Brain imaging

4.1 Overview of imaging

The HCP-D brain imaging protocol includes high-resolution scans for structural, resting-
state, task-based, diffusion, and cerebral blood flow (CBF) measures, acquired during two
separate MRI sessions. Each modality is described briefly below and in detail in the
companion paper (Harms et al. (under review)). Fig. 3 presents examples of unprocessed
data in each modality from a child participant showing high compliance and stillness during
MRI scanning.

All HCP-D (and HCP-A) brain imaging is conducted on a 3 T Siemens Prisma scanners
(Siemens, Erlangen, Germany). Participants 8-21 years old are scanned using the Siemens
32-channel Prisma head coil; a pediatric 32-channel head coil developed by Ceresensa
(www.ceresensa.com) is used for 5-7 year old participants (see Harms et al. (under review)).

Generally, the HCP-D uses an “HCP-style” approach to data acquisition developed for the
HCP-YA project (Glasser et al., 2016a) and adapted for youths. We train participants to
remain still using mock scanning, offer prizes and praise, keep the participants busy while in
the scanner with movies (for the structural and dMRI scans), constrain the head in space
with pillows and tape, use FIRMM software to monitor head motion in real-time
(Dosenbach et al., 2017), and conduct the MRI scanning toward the beginning of study visits
whenever possible.

Structural T1 weighted (T1w) and T2 (T2w) scans provide the anatomical reference for
analysis of all imaging modalities and must be of high quality in order to generate accurate
cortical surface reconstructions (Glasser et al., 2013), and cortical “myelin maps” (Glasser
and Van Essen, 2011). The structural T1w and T2w protocols include volumetric navigators
for prospective motion correction (Tisdall et al., 2012) to reduce bias in age-related
morphometric comparisons. Diffusion imaging is an of high interest because white matter
pathways undergo a major neurodevelopmental progression through childhood, adolescence,
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and into young adulthood (Asato et al., 2010; Giedd et al., 1999; Paus, 2005). The HCP-D
diffusion protocol samples 185 directions on 2 shells of b = 1500 and 3000 syfmmz2, along
with 28 b = 0 s/mm2 images. Arterial spin labeling (ASL) (Alsop et al., 2015; Detre et al.,
1992) provides a quantitative measurement of CBF, a surrogate marker of brain metabolism
and function. While previous studies indicate that CBF declines from childhood through
adolescence (Biagi et al., 2007) at a pace that is linked to pubertal timing (Satterthwaite et
al., 2014b), there is still much to learn about the basic changes in CBF in the developing
brain.

Resting state functional MRI is widely used to infer the intrinsic organization and
“functional connectivity” of large-scale brain networks (Buckner et al., 2013; Fox and
Raichle, 2007). Maturation of functional connectivity can be examined by quantifying age-
related changes in the strength and spatial distribution of intrinsic brain networks
(Dosenbach et al., 2010; Fair et al., 2009). During HCP-D rfMRI scanning, participants are
instructed to stay still, stay awake, and blink normally while looking at the fixation crosshair.
For participants 8 years and older, we acquire 26 min of resting state scanning in four runs,
consistent with recent findings and recommendations about obtaining robust connectivity
estimates from rfMRI data (Glasser et al., 2016b; Laumann et al., 2017; Pannunzi et al.,
2017). For the youngest ages (5-7 years) we reduced the duration of individual runs and the
total duration of rfMRI scanning to 21 min.

4.2. Task fMRI

The HCP-D includes three fMRI tasks focused on information processing domains that show
prominent maturational changes and/or robust individual differences. Task fMRI analyses
can target task-dependent functional connectivity (e.g. (Cole et al., 2014; Gratton et al.,
2016; Insel et al., 2017; Krienen et al., 2014; Repovs and Barch, 2012),), which provides a
collateral measure of brain network coordination that may overlap or differ in informatively
from other measures of brain connectivity. Neurodevelopment from age 5-21 shapes a wide
array of cognitive, emotional, and social processes, making it challenging to prioritize
specific functional domains. Whereas the HCP-YA study devoted an hour to fMRI task scans
and included seven distinct tasks in its data acquisition battery (see (Barch et al., 2013)),
scan time was more limited in HCP-D. We prioritized functional domains that relate to
emergent health risks during this age window, while also aiming to maintain some degree of
harmonization with HCP-YA. We selected three distinct, but interrelated, information
processing domains — emation processing, reward/loss anticipation and consumption, and
inhibitory control processes.

These processes were selected for several reasons. First, while prior work has shown
normative age-related change in functional brain recruitment (e.g., Rubia, 2013; Casey,
2015), there is a relative dearth of data examining brain connectivity change during
information processing in these domains. Second, these domains underpin crucial changes in
health-relevant behaviors and experiences including affective reactivity, reward drive,
impulsivity, and approach behaviors. Third, these functional processing domains are linked
to common symptoms of internalizing and externalizing psychopathology (Hulvershorn et
al., 2011; Zhang et al., 2013; Barch et al., 2018) that emerge at unprecedented frequency
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during the adolescent transition (Lee et al., 2014). We also designed the functional tasks for
“multipurpose” use that could satisfy a range of additional scientific questions. For example,
we omitted an explicit motor task because fundamental motor processes can be isolated in
any task requiring button presses.

An additional goal was to include as many functional domains as possible within the
available scanning time, which required prioritization of tasks that were well-powered to
observe characteristic activation patterns at the group level, with even brief data acquisition.
For each of the three selected tasks, we acquired pilot data and compared activation of brain
networks of interest for different amounts of data analyzed. In addition, we have evaluated
task activation maps for the early participants acquired in HCP-D (see below). Both the
initial pilot analyses and the evaluation of early HCP-D participants demonstrated that the
brain networks of interest could be observed at the group level with shortened acquisitions.

It is important to articulate the scope of the intended use of the HCP-D fMRI tasks for data
analysis and statistical inference. We anticipate that neural responses in some brain regions
will be weaker or stronger at different developmental stages but not necessarily observable at
the individual level. The brevity of the tasks will further limit their ability to reliably detect
activation in individual participants. Rather, these tasks are likely most suitable for group-
based analyses that g) utilize the power of group average aggregation (e.g., across age bands
comparing 8 year olds versus 9 year olds, etc.), and/or ) query brain function and functional
connectivity that covaries with age or other individual differences such as pubertal
development or behavioral traits.

4.2.1. Reward magnitude (i.e., “guessing”) task—Adolescence is characterized by
a remodeling of behaviors and neurobiological signals relevant to valuation and motivation
(Hartley and Somerville, 2015; Davidow et al., 2018; Doremus-Fitzwater et al., 2010).
While most human neuroimaging research in this area has focused on reactivity to rewarding
outcomes, valuation-related processes also include anticipation, processing of loss, and
representing the value of a given outcome relative to the available alternatives. The HCP-D
uses a task that permits broader measurements of neural signals contributing to reward and
loss processing and includes reward anticipation, consumption, and tracking of outcome
magnitude.

The Reward Magnitude (“guessing™) task was adapted from the wellvalidated reward
processing task (Delgado et al., 2000) to measure neural responses to gains and losses of
different magnitudes. It has been adapted in two key ways: to make it more child-friendly
(Gaffrey et al., 2018), and to add a magnitude manipulation which allows comparison of
small and large gain and loss outcomes (Insel et al., under revision, Insel & Somerville, in
press). During the task (Fig. 4A), participants can win or lose bonus money by guessing
between two response options whenever they view a question mark on the screen. For each
trial, participants view a guess cue (“?”), a jittered interstimulus interval, and then view
feedback indicating whether they are correct (winning money) or incorrect (losing money).
A block of four trials begins with either a low stakes or high stakes cue screen, which
indicates whether the subsequent trials would be played for “Low” magnitude outcomes
($0.20 for wins and -$0.10 for losses) or “High” magnitude outcomes ($1.00 for wins and -
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$0.50 for losses). The losses are half as large as gains in accordance with prior work
indicating that losses are over-weighted in human valuation processes (Tversky and
Kahneman, 1991).

In sum, the Reward Magnitude task isolates neural responses during the cue period
indicating an upcoming block of high or low magnitude outcomes, the guessing period, and
each of four feedback types (large win, large loss, small win, small loss). General linear
modeling permits analyses of 4) neural response to receipt of rewards and punishments, 4)
neural activity that tracks reward and punishment magnitude (small versus large quantities),
and ¢) neural activity that responds in anticipation of high and low magnitude outcomes. See
Supplementary Table 2 for specific task parameters.

4.2.1.1. Reward conditioning manipulation.: A special design feature of this task allows
for an additional manipulation — a reward conditioning induction that is probed in the
Inhibitory Control task that immediately follows it (see Section 4.2.2.). On feedback screens
that inform participants whether they won or lost, the win feedback is incidentally
surrounded by a circle (or square, counterbalanced across subjects) whereas the loss
feedback is incidentally surrounded by a square (or circle, counterbalanced; see Fig. 4B).
Circles and squares are subsequently carried forward to become stimuli in the Inhibitory
Control task in which participants are instructed to withhold button press responses to the
shape stimuli that had been associated with receipt of reward or receipt of loss.
Counterbalance assignment is maintained throughout longitudinal participation.

4.2.1.2. Preliminary data analysis.: We evaluated the activity evoked by this task in an
early set of HCP-D participants (N = 104, 44 female, mean age = 13.26 years, SD age =
3.58, min = 8, max = 21). Data were preprocessed using existing HCP pipelines (see
Supplementary Materials for details). Following preprocessing, data were submitted to a
GLM to estimate task effects. The seven regressors of interest described above (high cue,
low cue, guess, high win, low win, high loss, low loss) were represented as predictive
timeseries by specifying their temporal event onset, convolved with a double-gamma
canonical hemodynamic response function. While several types of reward-related processing
can be queried with this task, initial analyses focused on a simple Win vs Loss contrast
(average of high & low win > average of high & low loss), which was carried forward to a
group random effects analysis. We identified areas of differential functional activity in the
group map using a threshold of Z = 5.01, which corresponds to a stringent grayordinate-wise
Bonferroni correction of p < 0.05. For all analyses reported here, we chose not to examine
age-related differences because the early sample available for analysis does not reflect a
balanced sample with respect to age, sex, ethnicity, or SES.

Results indicated that, as expected, the task yielded significant modulation of the brain’s
canonical valuation network (Delgado et al., 2000; Haber and Knutson, 2010) including
robust responses in the dorsal and ventral striatum, and ventromedial prefrontal cortex for
monetary wins relative to monetary losses (Fig. 5). No brain regions were observed to be
significantly more active to monetary losses than wins. Overall, this analysis builds
confidence in the capability of this task to isolate valuation-related signals in the brain.
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4.2.2. Inhibitory control (i.e., “CARIT”) task—This task measures inhibitory control
processes and the modulation of inhibitory control by reward history, otherwise known as
the Conditioned Approach Response Inhibition Task (CARIT (Davidow et al., in press;
Winter and Sheridan, 2014);). At its core, it is a classic Go/NoGo task which allows
mapping of differential neural activity when response inhibition demands are high (NoGo
trials) compared to freely executing a prepotent motor action (Go trials). In addition, as
mentioned above, the NoGo targets have special “conditioned” qualities in this task. One of
the two shapes that constitutes a NoGo stimulus had been paired with monetary gains and
the other NoGo stimulus had been paired with monetary losses during the immediately
preceding Reward Magnitude task. Therefore, this task has the simultaneous capability of
eliciting robust engagement in neural systems involved in inhibitory control such as the
lateral prefrontal cortex (Ridderinkhof et al., 2004) and motivation-by-cognition responses
that draw on frontostriatal circuit function (Braver et al., 2014).

During this event-related task, participants view shape stimuli and are instructed to press a
button as quickly as possible (“Go”) to every shape except for the circle and the square.
“Go” shapes are six different shapes that had not been seen previously (see Supplementary
Table 2 for specific task parameters and behavioral scoring).

4.2.2.1. Preliminary data analysis.: We evaluated the activity evoked by this task in an
early set of participants in the HCP-D study (N = 86, 35 female, mean age = 12.51 years, SD
age = 3.11, min = 8, max = 20). Data were preprocessed using existing HCP pipelines (see
Supplementary Materials). Following preprocessing, data were submitted to a GLM to
estimate task effects with six task regressors (correct Go, incorrect Go, correct previously
rewarded NoGo, incorrect previously rewarded NoGo, correct previously punished NoGo,
incorrect previously punished NoGo), represented as a predictive timeseries by specifying
their temporal event onset convolved with a double-gamma canonical hemodynamic
response function. The participants included in this initial analysis had at least one instance
of each trial type and thus no “empty regressors”. Because the assignment of event to
regressor partially depends on participants’ performance accuracy, future work will need to
implement analysis adaptations to accommodate those participants without instances of a
given trial type (e.g., those who make no errors).

While several types of maps can be generated using this task, initial analyses focused on a
simple AMoGo vs Go contrast of correct trials (average of correct previously rewarded NoGo
& correct previously punished NoGo > correct Go), which was carried forward to a group
random effects analysis to isolate differential neural responding based on inhibitory control
demands. We initially used the same threshold as the task analyses reported above (Z = 5.01,
p < 0.05 Bonferroni corrected across grayordinates). However, because the observed
activations were sparse in subcortical regions (a single grayordinate in the putamen exceeded
this threshold), we present the subcortical activations at a relaxed threshold of Z = 2.32,
which approximately corresponds to p < 0.001, uncorrected thresholding.

Results indicated that, as expected, we observed significant modulation of motor and
cognitive control networks. For the NoGo > Go contrast, we observed significantly greater
activity in the posterior striatum, ventrolateral and dorsolateral prefrontal cortex, and the
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dorsal anterior cingulate cortex (Fig. 6). For the Go > NoGo contrast, we observed
significantly greater activity in the left motor cortex (participants used their right hand to
make button presses). Overall, this analysis builds confidence in the capability of this task to
isolate response inhibition-related signals in the brain.

4.2.3. Emotion task—The Emotion task probes emotion-relevant neural processes, and
was successfully implemented in the HCP-YA. This task (modified from Hariri et al., 2000;
Hariri et al., 2002) has moderate reliability (Manuck et al., 2007) for engaging the amygdala
and other structures that detect and represent emotion and face-processing related
processing. During the Emotion task, participants see three images (either emotional faces or
shapes), one at the top and two at the bottom of the display. The face stimuli depict angry or
fearful expressions. Face stimuli have been adapted from the original version of the task to
include more ethnically diverse faces. Participants are instructed to press the left button if
the left-hand image on the bottom of the screen matches the top image, and to press the right
button if the right-hand image on the bottom of the screen matches the top image (Fig. 7).
The bottom of the screen shows button mappings to reduce working memory demands for
young children. See Supplementary Table 2 for detailed task parameters.

4.2.3.1. Preliminary data analysis.: We evaluated the activity evoked by the Emotion task
in an early set of participants in the HCP-D study (N = 105, 44 female, mean age = 13.23
years, SD age = 3.59, min = 8, max = 21). Data were preprocessed using existing HCP
pipelines (see Supplementary Materials) then submitted to a GLM to estimate task effects.
The two regressors of interest represented separate timeseries of stimulus presentation for
face blocks and shape blocks, convolved with a double-gamma canonical hemodynamic
response function. A contrast of interest representing Faces vs Shapes was carried forward to
a group random effects analysis to isolate differential responding to faces relative to shapes.
We identified areas of differential functional activity in the group map using a threshold of Z
=5.01, which corresponds to a stringent grayordinate-wise Bonferroni correction of p<
0.05.

Consistent with prior work, we observed a robust pattern of activity for Faces > Shapes that
implicates a distributed set of brain regions including bilateral activation of the amygdala
and the fusiform cortex (Fig. 8). Thus, we are confident that this task, despite its brevity, is
serving its intended purpose as a provocation of emotion and face-related processing.

4.3. Mock scan and practice

Before MRI scanning, all HCP-D participants undergo Mock Scanning in a simulated MRI
scanner. The specific mock scanner brand varies by site, but each is similar to the Prisma
environment. During the mock scans, participants evaluate their comfort in the MRI
environment and learn to remain still inside of the MRI scanner based on tailored feedback.
The mock scanners are equipped with hardware and software [MoTrak and SimFx software
(Psychology Software Tools, Inc.; WUSTL, UCLA, and UMinn) or similar functioning
custom system (Harvard)] that tracks participant head motion in real-time via a small sensor
placed on the participant’s forehead. Within the mock scanner, participants first learn how
head motion and various actions (e.g., wriggle your nose, cough, yawn, move your arms/
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legs/back, etc.) affect their head position using real-time feedback from the head motion
tracking system. Participants then watch a video that pauses when the person’s head
movement exceeds a pre-specified threshold, providing real-time feedback which prompts
participants to remain more still to keep the movie from pausing. Participants complete
approximately 5 min of stillness training with simultaneous presentation of the scanner noise
in the mock scanner bore. Some of the training is spent while viewing the video and some
while viewing the fixation cross used in the rfMRI runs. The younger participants earn small
prizes as incentives for staying still during the mock scan.

Participants also complete a structured, experimenter-guided orientation and practice session
immediately prior to their first MRI scan. This practice session, coded in Psychopy (Peirce,
2007), includes general guidelines about the scanner environment, a preview of the resting
state MRI scan instructions, and guided practice for each of the fMRI tasks.

5. Outside of scanner measures

5.1. Biological samples

Participants provide several biological samples for a range of purposes, as detailed below
and in Table 2.

5.1.1. DNA—The HCP-D acquires blood or saliva samples for potential genotyping.
However, budgetary constraints preclude genotyping under the purview of HCP-D, so
samples are currently being acquired and banked for possible future analysis at the Rutgers
University Cell & DNA Repository (RUCDR) (www.rucdr.org). Blood is acquired into
custom RUCDR kits which are mailed to RUCDR within three days of collection.
Participants may opt out of the blood draw if they strongly oppose having blood taken, in
which case they provide a saliva sample for genotyping instead (2 mL sample, held at room
temperature in Oragene DNA kits). All participants aged 5-8 years provide a saliva sample
for genotyping by default.

5.1.2. Hemoglobin Alc—For participants providing blood, an additional sample is
acquired for assaying Hemoglobin Alc, an indicator of metabolic function that provides
information about an individual’s risk for obesity and diabetes (American Diabetes
Association, 2009; Bunn et al., 1978).

5.1.3. Drug testing—At every session, participants ages 12-21 years complete a
Breathalyzer test (AlcoHawk Pro) to detect alcohol in the system and a urine screen for
recent drug use (brand is site specific; e.g., Accutest MultiDrug Panel Test). Regardless of
brand, all tests used have matched panels that assay for cocaine, opioids, amphetamines,
methamphetamine, oxycontin, and THC. Participants may remain in the study if they test
positive for drug use (so long as their behavior does not indicate they are under active
influence of alcohol or drugs at the time of their study session).

5.1.4. Pubertal hormones—The HCP-D includes an extensive protocol to measure sex
steroid hormonal concentrations. The hormonal dataset doubles as a methodological study
that can be used to evaluate the correspondence of a range of hormonal and pubertal
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measures in the same participants, and can serve as a benchmark dataset for other studies
aiming to capture age windows of hormonal transition.

The HCP-D acquires selfand parent-reported pubertal stage based on self-reported markers
of physical development and secondary sex characteristics (Morris and Udry, 1980; Petersen
et al., 1988; Shirtcliff et al., 2009). In addition, the study measures dehydroepiandrosterone
(DHEA), testosterone, progesterone, and estradiol from participants using two
complementary methods — saliva (Braams et al., 2015; Shirtcliff et al., 2009) and hair. For
saliva, participants fill a tube (Salimetrics Sa/ivaBio passive drool kits) at home when they
wake up, before eating, drinking, and brushing their teeth. Samples are kept frozen at home
until their study appointment, when they are transported in a freezer pack and deep frozen on
arrival at the study site (=70 o C or colder). All saliva samples are processed in batches with
standard ELISA assays for the four sex steroid hormones listed above.

The timing of hormone collection was guided by existing standards of the field (Granger et
al., 2003; Khairullah et al., 2014; Mihm et al., 2011; Shirtcliff et al., 2009). Males,
premenarcheal females, and menarcheal females who do not have regular cycles are
instructed to collect saliva on the morning of their first study session. For postmenarcheal
females who have regular cycles, participants are instructed to generate the saliva sample
during the early follicular phase (cycle day 7). We also aim to schedule participants’ first
study session on cycle day 7, but it is not always possible and in these cases, participants
store their cycle day 7 saliva samples in their home freezers until their study visit.

The HCP-D also capitalizes on recent advancements in the bioassay of steroid hormones
which have broadened to include hair (Sauv’e et al., 2007; Stalder and Kirschbaum, 2012).
We are acquiring hair samples on all willing participants. Hair assays are particularly
valuable as an index of cumulative steroid exposure (Dettenborn et al., 2012; Kalra et al.,
2007) from clippings of the ~1 cm closest to the scalp (Li et al., 2012), and they correlate
well with the individual’s environment over a relatively long duration (Russell et al., 2012;
Sharpley et al., 2012) as 1 cm of hair reflects sex steroid hormone levels over the past ~1
month. This represents a key advantage over saliva assays that show extraneous fluctuation
based on menstrual and diurnal rhythms (Dorn et al., 2006; Shirtcliff et al., 2009). Sex
steroids can be assayed from hair using an extraction step and a simple enzyme-
immunoassay with a commercially available kit (Gao et al., 2013; Wheeler, 2006).

To acquire hair, we clip a small sample of hair (circumference of a pencil eraser) at the scalp
on the back of the head. All samples are further cut to approximately 1 cm of hair from the
scalp end during analysis. Hair is stored at room temperature until batched assay. We also
administer a brief questionnaire about factors that can influence measure of sex steroids in
hair, such as the frequency of washing and the use of permanents or dyes. While hair is
being acquired from all willing participants, funding constraints will restrict assays to a
subsample of 400 participants aged 6-18, including all samples from the longitudinal cohort.

5.2. Assessment of behaviors, abilities, traits, and environments

The HCP-D obtains an extensive account of the traits, behaviors, and abilities of each
participant for several purposes. This information may be used to evaluate the relationship

Neuroimage. Author manuscript; available in PMC 2019 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Somerville et al.

Page 15

between individual differences in these characteristics and brain network connectivity (e.g.
(Finn et al., 2015; Smith et al., 2015),). It can also be used to select subsets of participants
for analysis based on a special interest in participants with particular experiences,
environments, or traits. Finally, these data can be used as covariates of non-interest (such as
1Q) to statistically control for individual variability in relevant traits.

Participants and/or their parents (depending on participant age) complete a series of
questions to obtain information about medical history and demographic data about the
participant and their family. Participants also complete a battery of assessments summarized
in Table 3 and described extensively in Supplementary Table 3. In addition, participation
eligibility is confirmed on the day of the study through an intake interview with participants
aged 18-21 years, and parents of minor participants (Supplementary Table 4).

The assessments include a combination of self-report questionnaires and task-based
measures including segments of the NIH Toolbox (Gershon et al., 2010), the PhenX toolkit
(Hamilton et al., 2011), and the PNC (Satterthwaite et al., 2016) among others. These were
selected with multiple objectives in mind. First, we chose assessments that are validated for
direct comparison across the entire age range whenever possible. Second, we aimed to cover
a range of traits and functional domains to render the dataset as useful as possible to a broad
variety of questions the field may be interested in examining within HCP-D data. Finally, we
were constrained by time limitations and thus aimed to use assessments that were as brief as
possible. In addition, parents of minor participants complete several additional assessments
about themselves.

5.3. Clinical assessments

Although HCP-D is a study of healthy development and those with severe and chronic
psychopathology are excluded (see Supplementary Table 1), we anticipate that a sizable
proportion of participants will experience at least some symptoms of psychopathology. To
assess for current and past history of psychopathology, participants complete the Kiddie
Schedule for Affective Disorders and Schizophrenia (K-SADS), a diagnostic interview
assessing current and past history of psychopathology, participants complete the Kiddie
Schedule for Affective Disorders and Schizophrenia (K-SADS), a diagnostic interview
assessing current and past episodes of psychopathology according to DSM-V criteria
(Kaufman et al., 1997). The HCP-D is acquiring K-SADS data from the parent only for 5-
11 year olds, from parent and child for 12-17 year olds, and from the participant only for 18
b year olds. Data acquisition is on a computerized platform recently developed by the
creators of the original K-SADS (KSADS-COMP; Center for Telepsychology, Madison WI;
clinicaltrials.gov/ct2/show/NCT01866956).

For children under 18, parents complete the Achenbach Child Behavior Checklist
(Achenbach, 2009), a dimensional assessment of current psychopathology. In addition,
children ages 11 to 17 complete the Achenbach Youth Self Report and participants 18 p
complete the Achenbach Adult Self Report, which also provide dimensional assessments of
psychopathology. Parents also complete the Achenbach Adult Self Report (Achenbach,
1997) about themselves, as well as a short self-report of current and past psychiatric
diagnosis.
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For substance use and abuse, we are acquiring the NIDA Substance Abuse and Alcohol
Core: Tier 1 assessments of Tobacco, Alcohol and Substance Use. Participants aged 12 and
older and co-participating parents both complete this assessment.

5.4. Fifteen-month follow-up

All participants are re-contacted 15 months after their initial participation in the study.
Members of the longitudinal cohort are re-contacted to schedule a follow-up in-lab session,
and all cross-sectional participants are contacted for an online-only follow-up (with phone or
paper backup for families without reliable internet) where several of the original selfreport
measures are reacquired. This includes assessments of puberty, affect, psychopathology,
substance use, and general health. See Supplementary Table 3 for details of the assessments
used.

The purpose of this follow-up is to characterize each participant’s developmental change on
a subset of the functional domains just described. These data can be used on their own or in
tandem with the previously-acquired brain imaging measures to identify predictors of
subsequent growth in behaviors, abilities, and traits.

6. Intended use and limitations

We believe the HCP-D is well suited to address a host of novel questions concerning the
nature of brain connectivity development and factors that influence it. While great strides
have been made in understanding human brain development, much research is limited by
constraints of the available acquisition and analysis techniques, incomplete sampling of the
developmental periods in question, and/or limited collateral data to gain a clear picture of
factors that could shape individual differences in neurodevelopmental outcomes. The HCP-D
pairs multimodal examination of brain connectivity with a richly characterized sample
including cross-sectional coverage of the age range from 5 to 21 years, and longitudinal
coverage of the transition to adolescence — a key period of change in both behavior and
mental health. Further, the multimodal nature of HCP-D imaging permits examination of the
interrelations among structural and functional brain organization development, a key
question that has received relatively little attention in the literature.

We are also eager to gain further insight into brain connectivity development that is linked to
puberty. Puberty is thought to represent a second wave of plasticity whereby hormones
organize brain structure and function, and exert activational effects in which neural circuits
are especially reactive to particular environmental inputs. For example, rises in testosterone
during puberty predict male-specific increases in white matter across the brain (e.g., Paus et
al., 2010), and heightened striatal response to rewards (e.g., Op de Macks et al., 2011).
Dopaminergic signaling (e.g., Sato et al., 2008) during adolescence is also moderated by
testosterone levels, which predict connectivity within thalamo-striato-cortical networks
(Asato et al., 2010). In addition, active pubertal hormone shifts are thought to contribute to
adolescent-unique behavioral tendencies such as rises in sensation seeking, sexual behavior,
and risky decision making (Spear, 2000). Understanding the hormonal contributions to these
behaviors and their intermediate neurobiological mechanisms is of critical importance to
age-specific shifts in health risks.
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While we believe this project has many strengths, it also has important limitations that
constrain the scope and strength of the inferences that are possible from the project. For one,
we are not asserting that the upper age of 21 marks the conclusion of active development.
Indeed, neurodevelopment is thought to continue well beyond the age of age 21 on nearly
every measure of brain structure and brain function (see Somerville, 2016 for commentary
on this point). The HCP-D is therefore more optimized toward informing middle childhood
and adolescent neurodevelopmental windows, compared to the final waves of
neurodevelopment and stabilization that occur in the third decade of life and beyond.

In addition, it is important to recognize that there are substantial technical challenges in
merging data from the HCP-D project with those of the HCP-YA project, which acquired
brain imaging data on a different model of scanner and with some important differences in
the scanning protocol. The associated technical challenges are detailed in Harms et al.
(under review). Further, it is well known that data quality tends to co-vary with age (with
younger participants producing data that tend to have greater motion and overall poorer
quality). Accordingly, data quality confounds can compromise the inference that age-related
structural and neurobiological changes are truly attributable to age (see Smith and Nichols,
2018 for discussion). We believe that datasets like HCP-D serve as crucial test-beds for
analytic techniques to manage these confounds to the extent it is possible, but also recognize
the need to exercise interpretive caution and close scrutiny of these nuisance confounds.

7. Conclusion

The major technological and analytical advances in adult human brain imaging achieved as
part of the Human Connectome Project (HCPYA) have allowed examination of structural
and functional brain connectivity at unprecedented levels of spatial and temporal resolution.
The HCP-D builds on these strengths to push understanding of normative brain development
to new levels — knowledge that will critically inform prevention and intervention efforts
targeting well-known public health concerns of children and adolescents. The rich,
multimodal data acquired in HCP-D will inform the neurodevelopmental processes
associated with biological and cognitive constructs that are of critical importance to health
and well-being in the 5-21 year age range. We are eager for a wide range of investigators in
the community to use these data to test their own hypothesis about brain development,
connectivity, and health.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgements

Research reported in this publication was supported by grants U01MH2109589 and U01MH109589-S1 and by the
14 NIH Institutes and Centers that support the NIH Blueprint for Neuroscience Research, by the McDonnell Center
for Systems Neuroscience at Washington University, and by the Office of the Provost at Washington University. We
gratefully acknowledge the efforts of all individuals who have contributed to the project (see Supplementary Table 5
for full listing as of July 2018).

Neuroimage. Author manuscript; available in PMC 2019 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Somerville et al. Page 18

References

Achenbach TM, 1997 Manual for the Young Adult Self-report and Young Adult Behavior Checklist
University of Vlermont, Department of Psychiatry.

Achenbach TM, 2009 The Achenbach System of Empirically Based Assessment (ASEBA):
Development, Findings, Theory and Applications University of Vermont Center for Children,
Youth, and Families, Burlington, VT.

Alsop DC, Detre JA, Golay X, Gunther M, Hendrikse J, Hernandez-Garcia L, Lu H, Maclntosh BJ,
Parkes LM, Smits M, 2015 Recommended implementation of arterial spin-labeled perfusion MRI
for clinical applications: a consensus of the ISMRM perfusion study group and the European
consortium for ASL in dementia. Magn. Reson. Med 73 (1), 102-116. 10.1002/mrm.25197.
[PubMed: 24715426]

American Diabetes Association, 2009 Executive summary: standards of medical care in Diabetes—
2009 Diabetes Care 32, S6-S12. 10.2337/dc09-S006.

Asato M, Terwilliger R, Woo J, Luna B, 2010 White matter development in adolescence: a DTI study.
Cerebr. Cortex 20 (9), 2122-2131. 10.1093/cercor/bhp282.

Barch DM, Burgess GC, Harms MP, Petersen SE, Schlaggar BL, Corbetta M, Glasser MF, Curtiss S,
Dixit S, Feldt C, 2013 Function in the human connectome: task-fMRI and individual differences in
behavior. Neuroimage 80, 169-189. 10.1016/j.neuroimage.2013.05.033. [PubMed: 23684877]

Biagi L, Abbruzzese A, Bianchi MC, Alsop DC, Del Guerra A, Tosetti M, 2007 Age dependence of
cerebral perfusion assessed by magnetic resonance continuous arterial spin labeling. J. Magn.
Reson. Imag 25 (4), 696—702. 10.1002/jmri.20839.

Bookheimer SY, Salat DH, Terpstra M, Hagy H, Japardi K, Diaz-Santos M, Ances B, Barch DM,
Buckner RL, Hedden T, Hatch O, Burgess GC, Curtiss SW, Elam J, Fischl B, Greve DN, Harms MP,
Hodge C, Somerville LH, Smith SM, Ugurbil K, van der Kouwe A, Woods R, Yacoub E, & Van
Essen DC (under review). The Human Connectome Project in Aging: an Overview

Barch DM, Pagliaccio D, Luking K, 2018 Motivational impairments in psychotic and depressive
pathology: psychological and neural mechanisms. In: Sangha S, Foti D (Eds.), Neurobiology of
Abnormal Emotion and Motivated Behaviors: Integrating Animal and Human Research, pp. 278—
304.

Braams BR, van Duijvenvoorde AC, Peper JS, Crone EA, 2015 Longitudinal changes in adolescent
risk-taking: a comprehensive study of neural responses to rewards, pubertal development, and risk-
taking behavior. J. Neurosci 35 (18), 7226-7238. 10.1523/JNEUROSCI.4764-14.2015. [PubMed:
25948271]

Braver TS, Krug M, Chiew K, Kool W, Westbrook A, Clement N, Adcock RA, Barch D, Botvinick
MA, Carver CS, Cools R, Custers R, Dickinson A, Dweck CS, Fischbach A, Gollwitzer P, Hess T,
Isaacowitz DA, Mather M, Murayama K, Pessoa L, Samanez--Larkin GR, Somerville LH, for the
MOMCAI group, 2014 Mechanisms of motivation--cognition interaction: challenges and
opportunities. Cognit. Affect Behav. Neurosci 14 (2), 443-472. 10.3758/s13415-014-0300-0.
[PubMed: 24920442]

Brown TT, Kuperman JM, Chung Y, Erhart M, McCabe C, Hagler DJ, Jr., Venkatraman VK,
Akshoomoff N, Amaral DG, Bloss CS, Casey BJ, Chang L, Ernst TM, Frazier JA, Gruen JR,
Kaufmann WE, Kenet T, Kennedy DN, Murray SS, Sowell ER, Jernigan TL, Dale AM, 2012
Neuroanatomical assessment of biological maturity. Curr. Biol 22 (18), 1693-1698. 10.1016/j.cub.
2012.07.002. [PubMed: 22902750]

Buckner RL, Krienen FM, Yeo BT, 2013 Opportunities and limitations of intrinsic functional
connectivity MRI. Nat. Neurosci 16 (7), 832-837. 10.1038/nn.3423. [PubMed: 23799476]

Bunn HF, Gabbay KH, Gallop PM, 1978 The glycosylation of hemoglobin: relevance to diabetes
mellitus. Science 200 (4337), 21-27. 10.1126/science.635569. [PubMed: 635569]

Casey BJ, 2015 Beyond simple models of self-control to circuit-based accounts of adolescent behavior.
Annu. Rev. Psychol 66, 295-319. 10.1146/annurev-psych-010814-015156. [PubMed: 25089362]

Casey BJ, Cannonier T, Conley MI, Cohen AO, Barch DM, Heitzeg MM, Soules ME, Teslovich T,
Dellarco DV, Garavan H, Orr CA, 2018 The Adolescent Brain Cognitive Development (ABCD)

Neuroimage. Author manuscript; available in PMC 2019 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Somerville et al.

Page 19

Study: Imaging Acquisition across 21 Sites. Developmental Cognitive Neuroscience, advanced
online publication. 10.1016/j.dcn.2018.03.001.

Cole MW, Bassett DS, Power JD, Braver TS, Petersen SE, 2014 Intrinsic and task-evoked network
architectures of the human brain. Neuron 83 (1), 238-251. 10.1016/j.neuron.2014.05.014.
[PubMed: 24991964]

Davidow JY, Sheridan MA, Van Dijk KRA, Santillana R, Snyder J, Vidal Bustamante CM, Rosen BR,
& Somerville LH (in press). Development of prefrontal cortical connectivity and the enduring
effect of learned value on cognitive control. J. Cognit. Neurosci

Davidow JY, Insel C, Somerville LH, 2018 Adolescent development of value-guided goal pursuit.
Trends Cognit. Sci 22 (18), 725-736. 10.1016/j.tics.2018.05.003. [PubMed: 29880333]

Delgado MR, Nystrom LE, Fissell C, Noll DC, Fiez JA, 2000 Tracking the hemodynamic responses to
reward and punishment in the striatum. J. Neurophysiol 84 (6), 3072-3077. 10.1152/jn.
2000.84.6.3072. [PubMed: 11110834]

Detre JA, Leigh JS, Williams DS, Koretsky AP, 1992 Perfusion imaging. Magn. Reson. Med 23 (1),
37-45. 10.1002/mrm.1910230106. [PubMed: 1734182]

Dettenborn L, Muhtz C, Skoluda N, Stalder T, Steudte S, Hinkelmann K, Kirschbaum C, Otte C, 2012
Introducing a novel method to assess cumulative steroid concentrations: increased hair cortisol
concentrations over 6 months in medicated patients with depression. Stress 15 (3), 348-353.
10.3109/10253890.2011.619239. [PubMed: 22043813]

Diemer MA, Mistry RS, Wadsworth ME, Ldpez I, Reimers F, 2013 Best practices in conceptualizing
and measuring social class in psychological research. Anal. Soc. Issues Public Policy 13 (1), 77—
113. 10.1111/asap.12001.

Doremus-Fitzwater TL, Varlinskaya El, Spear LP, 2010 Motivational systems in adolescence: possible
implications for age differences in substance abuse and other risk-taking behaviors. Brain Cognit
72 (1), 114-123. 10.1016/j.bandc.2009.08.008. [PubMed: 19762139]

Dorn LD, Dahl RE, Woodward HR, Biro F, 2006 Defining the boundaries of early adolescence: a
user’s guide to assessing pubertal status and pubertal timing in research with adolescents. Appl.
Dev. Sci 10 (1), 30-56. 10.1207/s1532480xads1001_3.

Dosenbach NU, Koller JM, Earl EA, Miranda-Dominguez O, Klein RL, Van AN, Snyder AZ, Nagel
BJ, Nigg JT, Nguyen AL, 2017 Real-time motion analytics during brain MRI improve data quality
and reduce costs. Neuroimage 161, 80-93. 10.1016/j.neuroimage.2017.08.025. [PubMed:
28803940]

Dosenbach NU, Nardos B, Cohen AL, Fair DA, Power JD, Church JA, Nelson SM, Wig GS, Vogel
AC, Lessov-Schlaggar CN, 2010 Prediction of individual brain maturity using fMRI. Science 329
(5997), 1358-1361. 10.1126/science.1194144. [PubMed: 20829489]

Fair DA, Cohen AL, Power JD, Dosenbach NU, Church JA, Miezin FM, Schlaggar BL, Petersen SE,
2009 Functional brain networks develop from a “local to distributed” organization. PLoS Comput.
Biol 5 (5), 1-14. 10.1371/journal.pchi.1000381.

Fan Q, Witzel T, Nummenmaa A, Van Dijk KRA, Van Horn JD, Drews MK, Somerville LH, Sheridan
MA, Santillana R, Snyder J, Hedden T, Shaw EE, Renvall V, Zanzonico R, Keil B, Cauley S,
Polimeni JR, Tisdall D, Buckner RL, Wedeen VJ, Wald LL, Toga AW, Rosen BR, 2016 MGH-
USC Human Connectome Project datasets with ultra-high b-value diffusion MRI. Neuroimage
124,1108-1114. 10.1016/j.neuroimage.2015.08.075. [PubMed: 26364861]

Finn ES, Shen X, Scheinost D, Rosenberg MD, Huang J, Chun MM, Papademetris X, Constable RT,
2015 Functional connectome fingerprinting: identifying individuals using patterns of brain
connectivity. Nat. Neurosci 18 (11), 1664-1671. 10.1038/nn.4135. [PubMed: 26457551]

Fox MD, Raichle ME, 2007 Spontaneous fluctuations in brain activity observed with functional
magnetic resonance imaging. Nat. Rev. Neurosci 8 (9), 700-711. 10.1038/nrn2201. [PubMed:
17704812]

Gaffrey MS, Barch DM, Bogdan R, Farris K, Petersen SE, Luby JL, 2018 Amygdala reward reactivity
mediates the association between preschool stress response and depression severity. Biol. Psychiatr
83 (2), 128-136. 10.1016/j.biopsych.2017.08.020.

Neuroimage. Author manuscript; available in PMC 2019 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Somerville et al.

Page 20

Gao W, Stalder T, Foley P, Rauh M, Deng H, Kirschbaum C, 2013 Quantitative analysis of steroid
hormones in human hair using a column-switching LC-APCI-MS/MS assay. J. Chromatogr. B
928, 1-8. 10.1016/j.jchromb.2013.03.008.

Gershon RC, Cella D, Fox NA, Havlik RJ, Hendrie HC, Wagster MV, 2010 Assessment of
neurological and behavioural function: the NIH Toolbox. Lancet Neurol 9 (2), 138-139. 10.1016/
S1474-4422(09)70335-7. [PubMed: 20129161]

Giedd JN, Blumenthal J, Jeffries NO, Castellanos FX, Liu H, Zijdenbos A, Paus T, Evans AC,
Rapoport JL, 1999 Brain development during childhood and adolescence: a longitudinal MRI
study. Nat. Neurosci 2 (10), 861-863. 10.1038/13158. [PubMed: 10491603]

Giedd JN, Clasen LS, Lenroot R, Greenstein D, Wallace GL, Ordaz S, Molloy EA, Blumenthal JD,
Tossell JW, Stayer C, 2006 Puberty-related influences on brain development. Mol. Cell.
Endocrinol 254, 154-162. 10.1016/j.mce.2006.04.016. [PubMed: 16765510]

Glasser MF, Smith SM, Marcus DS, Andersson JL, Auerbach EJ, Behrens TE, Coalson TS, Harms
MP, Jenkinson M, Moeller S, 2016a The Human Connectome Project’s neuroimaging approach.
Nat. Neurosci 19 (9), 1175-1187. 10.1038/nn.4361. [PubMed: 27571196]

Glasser MF, Coalson TS, Robinson EC, Hacker CD, Harwell J, Yacoub E, Ugvurbil K, Andersson J,
Beckmann CF, Jenkinson M, 2016b A multi-modal parcellation of human cerebral cortex. Nature
536 (7615), 171-178. 10.1038/nature18933. [PubMed: 27437579]

Glasser MF, Sotiropoulos SN, Wilson JA, Coalson TS, Fischl B, Andersson JL, Xu J, Jbabdi S,
Webster M, Polimeni JR, Van Essen DC, Jenkinson M, 2013 The minimal preprocessing pipelines
for the human connectome project. Neuroimage 80 (Suppl. C), 105-124. 10.1016/j.neuroimage.
2013.04.127. [PubMed: 23668970]

Glasser MF, Van Essen DC, 2011 Mapping human cortical areas in vivo based on myelin content as
revealed by T1-and T2-weighted MRI. J. Neurosci 31 (32), 11597-11616. 10.1523/JNEURQOSCI.
2180-11.2011. [PubMed: 21832190]

Goddings A-L, Mills KL, Clasen LS, Giedd JN, Viner RM, Blakemore S-J, 2014 The influence of
puberty on subcortical brain development. Neuroimage 88, 242-251. 10.1016/j.neuroimage.
2013.09.073. [PubMed: 24121203]

Granger DA, Shirtcliff EA, Booth A, Kivlighan KT, Schwartz EB, 2004 The “trouble” with salivary
testosterone. Psychoneuroendocrinology 29 (10), 1229-1240. 10.1016/j.psyneuen.2004.02.005.
[PubMed: 15288702]

Granger DA, Shirtcliff EA, Zahn-Waxler C, Usher B, Klimes-Dougan B, Hastings P, 2003 Salivary
testosterone diurnal variation and psychopathology in adolescent males and females: individual
differences and developmental effects. Dev. Psychopathol 15 (2), 431-449 doi:
10.1017.50954579403000233. [PubMed: 12931836]

Gratton C, Laumann TO, Gordon EM, Adeyemo B, Petersen SE, 2016 Evidence for two independent
factors that modify brain networks to meet task goals. Cell Rep 17 (5), 1276-1288. 10.1016/
j.celrep.2016.10.002. [PubMed: 27783943]

Haber SN, Knutson B, 2010 The reward circuit: linking primate anatomy and human imaging.
Neuropsychopharmacology 1, 1-23. 10.1038/npp.2009.129.

Hamilton CM, Strader LC, Pratt JG, Maiese D, Hendershot T, Kwok RK, Hammond JA, Huggins W,
Jackman D, Pan H, Nettles DS, Beaty TH, Farrer LA, Kraft P, Marazita ML, Ordovas JM, Pato
CN, Spitz MR, Wagener D, Williams M, Junkins HA, Harlan WR, Ramos EM, Haines J, 2011 The
PhenX Toolkit: get the most from your measures. Am. J. Epidemiol 174 (3), 253-260.
10.1093/aje/kwr193. [PubMed: 21749974]

Hariri AR, Bookheimer SY, Mazziotta JC, 2000 Modulating emotional responses: effects of a
neocortical network on the limbic system. Neuroreport 11 (1), 43-48.
10.1097/00001756-200001170-00009. [PubMed: 10683827]

Hariri AR, Tessitore A, Mattay VS, Fera F, Weinberger DR, 2002 The amygdala response to emotional
stimuli: a comparison of faces and scenes. Neuroimage 17 (1), 317-323. 10.1006/nimg.2002.1179.
[PubMed: 12482086]

Harms MP, Somerville LH, Ances BM, Andersson JL, Barch DM, Bastiani M, Bookheimer SY, Brown
TT, Buckner RL, Burgess GC, Coalson TS, Chappell MA, Dapretto M, Douaud G, Fischl B,
Glasser MF, Greve DN, Hodge C, Jamison KW, Jbahdi S, Kandala S, Li X, Mair RW, Marcus D,

Neuroimage. Author manuscript; available in PMC 2019 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Somerville et al.

Page 21

Mascali D, Nichols TE, Robinson EC, Salat DH, Smith SM, Sotiropoulos SN, Terpstra MJ,
Thomas KM, Tisdall MD, Ugurbil K, van der Kouwe A, Woods RP, Zdlleii L, Van Essen DC, &
Yacoub E (under review). Imaging in the Human Connectome Projects in Development and Aging:
Connectomics across the Lifespan

Hartley CA, Somerville LH, 2015 The neuroscience of adolescent decision making. Curr. Opin. Behav.
Sci 5, 108-115. 10.1016/j.cobeha.2015.09.004. [PubMed: 26665151]

Hulvershorn LA, Cullen K, Anand A, 2011 Toward dysfunctional connectivity: a review of
neuroimaging findings in pediatric major depressive disorder. Brain Imag. Behav 5 (4), 307-328.
10.1007/s11682-011-9134-3.

Insel C, Glenn CR, Nock M, & Somerville LH (under revision). Striatum Function in Adolescent
Depression: Intact Reward Reactivity but Aberrant Magnitude Tracking

Insel C, Kastman EK, Glenn CR, Somerville LH, 2017 Development of corticostriatal connectivity
constrains goal directed behavior through adolescence. Nat. Commun 8 (1), 1605 10.1038/
$41467-017-01369-8. [PubMed: 29184096]

Insel C, Somerville LH, 2018 Asymmetric neural tracking of gain and loss magnitude during
adolescence. Soc. Cognit. Affect Neurosci. advanced online publication

Kalra S, Einarson A, Karaskov T, Van Uum S, Koren G, 2007 The relationship between stress and hair
cortisol in healthy pregnant women. Clin. Investigative Med 30 (2), 103-107. 10.25011/
¢im.v30i2.986.

Kaplowitz PB, Slora EJ, Wasserman RC, Pedlow SE, Herman-Giddens ME, 2001 Earlier onset of
puberty in girls: relation to increased body mass index and race. Pediatrics 108 (2), 347-353.
10.1542/peds.108.2.347. [PubMed: 11483799]

Kaufman J, Birmaher B, Brent D, Rao U, Flynn C, Moreci P, Williamson D, Ryan N, 1997 Schedule
for affective disorders and schizophrenia for school-age children-present and lifetime version (K-
SADS-PL): initial reliability and validity data. J. Am. Acad. Child Adolesc. Psychiatr 36 (7), 980—
988. 10.1097/00004583-199707000-00021.

Khairullah A, Klein LC, Ingle SM, May MT, Whetzel CA, Susman EJ, Paus T, 2014 Testosterone
trajectories and reference ranges in a large longitudinal sample of male adolescents. PLoS One 9
(9), 108838 10.1371/journal.pone.0108838. [PubMed: 25268961]

Kooijman MN, Kruithof CJ, van Duijn CM, Duijts L, Franco OH, van 1Jzendoorn MH, de Jongste JC,
Klaver CC, van der Lugt A, Mackenbach JP, Moll HA, 2016 The generation R study: design and
cohort update 2017. Eur. J. Epidemiol 31 (12), 1243-1264. 10.1007/s10654-016-0224-9.
[PubMed: 28070760]

Krienen FM, Yeo BT, Buckner RL, 2014 Reconfigurable task-dependent functional coupling modes.
Phil. Trans. Biol. Sci 369, 20130526. 10.1098/rsth.2013.0526.

Laumann TO, Snyder AZ, Mitra A, Gordon EM, Gratton C, Adeyemo B, Gilmore AW, Nelson SM,
Berg JJ, Greene DJ, 2017 On the stability of BOLD fMRI correlations. Cerebr. Cortex 27 (10),
4719-4732. 10.1093/cercor/bhw265.

Lee FS, Heimer H, Giedd JN, Lein ES, Sestan N, Weinberger DR, Casey BJ, 2014 Adolescent mental
health—opportunity and obligation. Science 346 (6209), 547-549. 10.1126/science.1260497.
[PubMed: 25359951]

LeWinn KZ, Sheridan MA, Keyes KM, Hamilton A, McLaughlin KA, 2017 Sample composition alters
associations between age and brain structure. Nat. Commun 8 (1), 874 10.1038/
s41467-017-00908-7. [PubMed: 29026076]

Li J, Xie Q, Gao W, Xu Y, Wang S, Deng H, Lu Z, 2012 Time course of cortisol loss in hair segments
under immersion in hot water. Clin. Chim. Acta 413 (3), 434-440. 10.1016/j.cca.2011.10.024.
[PubMed: 22057039]

Manuck SB, Brown SM, Forbes EE, Hariri AR, 2007 Temporal stability of individual differences in
amygdala reactivity. Am. J. Psychiatr 164 (10), 1613-1614. 10.1176/appi.ajp.2007.07040609.
[PubMed: 17898358]

Mihm M, Gangooly S, Muttukrishna S, 2011 The normal menstrual cycle in women. Anim. Reprod.
Sci 124 (3), 229-236. 10.1016/j.anireprosci.2010.08.030. [PubMed: 20869180]

Morris NM, Udry JR, 1980 Validation of a self-administered instrument to assess stage of adolescent
development. J. Youth Adolesc 9 (3), 271-280. 10.1007/BF02088471. [PubMed: 24318082]

Neuroimage. Author manuscript; available in PMC 2019 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Somerville et al.

Page 22

Op de Macks ZA, Moor BG, Overgaauw S, Girogvlu B, Dahl RE, Crone EA, 2011 Testosterone levels
correspond with increased ventral striatum activation in response to monetary rewards in
adolescents. Dev. Cognit. Neurosci 1 (4), 506-516. 10.1016/j.dcn.2011.06.003. [PubMed:
22436568]

Pannunzi M, Hindriks R, Bettinardi RG, Wenger E, Lisofsky N, Martensson J, Butler O, Filevich E,
Becker M, Lochstet M, 2017 Resting-state fMRI correlations: from link-wise unreliability to
whole brain stability. Neuroimage 157, 250-262. 10.1016/j.neuroimage.2017.06.006. [PubMed:
28599964]

Paus T, 2005 Mapping brain maturation and cognitive development during adolescence. Trends Cognit.
Sci 9 (2), 60-68. 10.1016/j.tics.2004.12.008. [PubMed: 15668098]

Paus T, Nawaz-Khan I, Leonard G, Perron M, Pike GB, Pitiot A, Richer L, Susman E, Veillette S,
Pausova Z, 2010 Sexual dimorphism in the adolescent brain: role of testosterone and androgen
receptor in global and local volumes of grey and white matter. Horm. Behav 57 (1), 63-75.
10.1016/j.yhbeh.2009.08.004. [PubMed: 19703457]

Peirce JW, 2007 PsychoPy psychophysics software in Python. J. Neurosci. Meth 162 (1), 8-13.
10.1016/j.jneumeth.2006.11.017.

Petersen AC, Crockett L, Richards MH, Boxer A, 1988 A self-report measure of pubertal status:
reliability, validity, and initial norms. J. Youth Adolesc 17 (2), 117-133. 10.1007/BF01537962.
[PubMed: 24277579]

Repovs G, Barch DM, 2012 Working memory related brain network connectivity in individuals with
schizophrenia and their siblings. Front. Hum. Neurosci 6, 137 10.3389/fnhum.2012.00137.
[PubMed: 22654746]

Ridderinkhof KR, Van Den Wildenberg WP, Segalowitz SJ, Carter CS, 2004 Neurocognitive
mechanisms of cognitive control: the role of prefrontal cortex in action selection, response
inhibition, performance monitoring, and reward-based learning. Brain Cognit 56 (2), 129-140.
10.1016/j.bandc.2004.09.016. [PubMed: 15518930]

Romeo RD, 2003 Puberty: a period of both organizational and activational effects of steroid hormones
on neurobehavioural development. J. Neuroendocrinol 15 (12), 1185-1192. 10.1111/j.
1365-2826.2003.01106.x. [PubMed: 14636181]

Rubia K, 2013 Functional brain imaging across development. Eur. Child Adolesc. Psychiatr 22 (12),
719-731. 10.1007/s00787-012-0291-8.

Russell E, Koren G, Rieder M, Van Uum S, 2012 Hair cortisol as a biological marker of chronic stress:
current status, future directions and unanswered questions. Psychoneuroendocrinology 37 (5),
589-601. 10.1016/j.psyneuen.2011.09.009. [PubMed: 21974976]

Sato SM, Schulz KM, Sisk CL, Wood RI, 2008 Adolescents and androgens, receptors and rewards.
Horm. Behav 53 (5), 647-658. 10.1016/j.yhbeh.2008.01.010. [PubMed: 18343381]

Satterthwaite TD, Connolly JJ, Ruparel K, Calkins ME, Jackson C, Elliott MA, Roalf DR, Hopson R,
Prabhakaran K, Behr M, Qiu H, 2016 1 1 The Philadelphia Neurodevelopmental Cohort: a
publicly available resource for the study of normal and abnormal brain development in youth.
Neuroimage 124, 1115-1119. [PubMed: 25840117]

Satterthwaite TD, Elliott MA, Ruparel K, Loughead J, Prabhakaran K, Calkins ME, Hopson R,
Jackson C, Keefe J, Riley M, Mentch FD, Sleiman P, Verma R, Davatzikos C, Hakonarson H, Gur
RC, Gur RE, 2014a Neuroimaging of the Philadelphia neurodevelopmental cohort. Neuroimage
86, 544-553. 10.1016/j.neuroimage.2013.07.064. [PubMed: 23921101]

Satterthwaite TD, Shinohara RT, Wolf DH, Hopson RD, Elliott MA, Vandekar SN, Ruparel K, Calkins
ME, Roalf DR, Gennatas ED, 2014b Impact of puberty on the evolution of cerebral perfusion
during adolescence. Proc. Natl. Acad. Sci. Unit. States Am 111 (23), 8643-8648. 10.1073/pnas.
1400178111.

Sauvé B, Koren G, Walsh G, Tokmakejian S, Van Uum SH, 2007 Measurement of cortisol in human
hair as a biomarker of systemic exposure. Clin. Investigative Med 30 (5), 183-191. 10.25011/
cim.v30i5.2894.

Schumann G, Loth E, Banaschewski T, Barbot A, Barker G, Biichel C, Conrod PJ, Dalley JW, Flor H,
Gallinat J, Garavan H, 2010 The IMAGEN study: reinforcement-related behaviour in normal brain
function and psychopathology. Mol. Psychiatr 15 (12), 1128-1139. 10.1038/mp.2010.4.

Neuroimage. Author manuscript; available in PMC 2019 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Somerville et al.

Page 23

Setsompop K, Kimmlingen R, Eberlein E, Witzel T, Cohen-Adad J, McNab JA, Keil B, Tisdall MD,
Hoecht P, Dietz P, 2013 Pushing the limits of /n vivo diffusion MRI for the human connectome
project. Neuroimage 80, 220-233. 10.1016/j.neuroimage.2013.05.078. [PubMed: 23707579]

Sharpley CF, McFarlane JR, Slominski A, 2012 Stress-linked cortisol concentrations in hair: what we
know and what we need to know. Rev. Neurosci 23 (1), 111-121. 10.1515/rns.2011.058.

Shirtcliff EA, Dahl RE, Pollak SD, 2009 Pubertal development: correspondence between hormonal
and physical development. Child Dev 80 (2), 327-337. 10.1111/j.1467-8624.2009.01263.x.
[PubMed: 19466995]

Sisk CL, Foster DL, 2004 The neural basis of puberty and adolescence. Nat. Neurosci 7 (10), 1040-
1047. 10.1038/nn1326. [PubMed: 15452575]

Sizonenko PC, 1978 Endocrinology in preadolescents and adolescents: 1. Hormonal changes during
normal puberty. Am. J. Dis. Child 132 (7), 704-712. 10.1001/archpedi.1978.02120320064015.
[PubMed: 149498]

Smith SM, Nichols TE, 2018 Statistical challenges in “big data” human neuroimaging. Neuron 97 (2),
263-268. 10.1016/j.neuron.2017.12.018. [PubMed: 29346749]

Smith SM, Nichols TE, Vidaurre D, Winkler AM, Behrens TE, Glasser MF, Ugurbil K, Barch DM,
Van Essen DC, Miller KL, 2015 A positive-negative mode of population covariation links brain
connectivity, demographics and behavior. Nat. Neurosci 18 (11), 1565-1567. 10.1038/nn.4125.
[PubMed: 26414616]

Smith SM, Vidaurre D, Beckmann CF, Glasser MF, Jenkinson M, Miller KL, Nichols TE, Robinson
EC, Salimi-Khorshidi G, Woolrich MW, Barch DM, Ugurhil K, Van Essen DC, 2013 Functional
connectomics from resting-state fMRI. Trends Cognit. Sci 17 (12), 666-682. 10.1016/j.tics.
2013.09.016. [PubMed: 24238796]

Somerville LH, 2016 Searching for signatures of brain maturity: what are we searching for? Neuron 92
(6), 1164-1167. 10.1016/j.neuron.2016.10.059. [PubMed: 28009272]

Spear LP, 2000 The adolescent brain and age-related behavioral manifestations. Neurosci. Biobehav.
Rev 24 (4), 417-463. 10.1016/S0149-7634(00)00014-2. [PubMed: 10817843]

Stalder T, Kirschbaum C, 2012 Analysis of cortisol in hair—state of the art and future directions. Brain
Behav. Immun 26 (7), 1019-1029. 10.1016/j.bbi.2012.02.002. [PubMed: 22366690]

Tisdall MD, Hess AT, Reuter M, Meintjes EM, Fischl B, van der Kouwe AJ, 2012 Volumetric
navigators for prospective motion correction and selective reacquisition in neuroanatomical MRI.
Magn. Reson. Med 68, 389-399. 10.1002/mrm.23228. [PubMed: 22213578]

Tversky A, Kahneman D, 1991 Loss aversion in riskless choice: a reference-dependent model. Q. J.
Econ 106 (4), 1039-1061. 10.2307/2937956.

Van Essen DC, Smith SM, Barch DM, Behrens TEJ, Ugurbil K, Consortium”, t. W.- M. H., 2013 The
WU-Minn human connectome project: an overview. Neuroimage 80, 62-79. 10.1016/
j.neuroimage.2013.05.041. [PubMed: 23684880]

Volkow ND, Kooh GF, Croyle RT, Bianchi DW, Gordon JA, Koroshetz WJ, Pérez-Stable EJ, Riley
WT, Bloch MH, Conway K, Deeds BG, Dowling GJ, Grant S, Howlett KD, Matochik JA, Morgan
GD, Murray MM, Noronha A, Spong CY, Wargo EM, Warren KR, Weiss SRB, 2017 The
conception of the ABCD study: from substance use to a broad NIH collaboration. Dev. Cognit.
Neurosci 10.1016/j.dcn.2017.10.002.

Wheeler MJ, 2006 Measurement of androgens. Hormones Assays Biol. Fluids 197-211.

10.1385/1-59259-986-9:197.

White T, Muetzel RL, ElI Marroun H, Blanken LM, Jansen P, Bolhuis K, Kocevska D, Mous SE,
Mulder R, Jaddoe VW, van der Lugt A, 2018 Paediatric population neuroimaging and the
Generation R Study: the second wave. Eur. J. Epidemiol 33 (1), 99-125. [PubMed: 29064008]

Winter W, Sheridan M, 2014 Previous reward decreases errors of commission on later ‘No-Go’trials in
children 4 to 12 years of age: evidence for a context monitoring account. Dev. Sci 17 (5), 797-
807.10.1111/desc.12168. [PubMed: 24636228]

Zhang WN, Chang SH, Guo LY, Zhang KL, Wang J, 2013 The neural correlates of reward-related
processing in major depressive disorder: a meta-analysis of functional magnetic resonance
imaging studies. J. Affect. Disord 151 (2), 531-539. 10.1016/j.jad.2013.06.039. [PubMed:
23856280]

Neuroimage. Author manuscript; available in PMC 2019 June 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Somerville et al. Page 24

Number of datasets

150
125 B . ‘
100 [ .

75 | ‘ .|

50

25

5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21
Age
Data source: [JJ] Cross-sectional cohort [l llLongitudinal Wave 1 [l Il Longitudinal Wave 2 Longitudinal Wave 3

Fig. 1. HCP-D recruitment targets by age.
HCP-D will enroll N = 1300 p participants. Most participants will be tested once (cross-

sectional cohort; red). A subset of participants in the pubertal range are a part of the
longitudinal component. There are two longitudinal cohorts, encompassing early puberty
(green, starting at age 9 years for females and 10 years for males) and later puberty (blue,
starting at 13 years for females and 14 years for males). The longitudinal participants return
for two additional waves of testing (Wave 2 and 3, middle and lighter colors) approximately
15 months apart. X-axis: Age (in years) at testing; Y-axis: Number of datasets.
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Fig. 2. Example study participation flow.
This example represents typical participation for 5-17 year old participants. See

Supplementary Fig. 1 for the participation flow for 18-21 year olds, whose parents do not

take part.
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BOLD Diffusion BO

Fig. 3.
Representative unprocessed images from each of the HCP-D scan modalities from a 10 year

old male participant. Images have undergone affine registration but are otherwise
unprocessed.
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A. Reward Magnitude Task B. Inhibitory Control Task
Incidental conditioning of shapes “Previous win” and “previous loss” NoGo

Win $1.00
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Fig. 4. Reward Magnitude (“Guessing”) (A) and Inhibitory Control (“CARIT”) (B) tasks.
A) During the Reward Magnitude task, participants are cued that an upcoming series of

trials will pay out either high or low stakes gains and losses. During a trial, participants press
a button to an arbitrary guess (see text) and find out whether they were correct — resulting in
monetary gain — or incorrect — resulting in monetary loss. B) During the Inhibitory Control
task, participants view a series of shapes, and are instructed to press a button to all shapes
(i.e., Go stimuli) except for circles and squares (i.e., NoGo stimuli). In the Reward
Magnitude task, incidental shapes (circles and squares) surround the win or loss feedback
and subsequently become the two shapes used in NoGo trials in the Inhibitory Control task,
where participants are instructed to withhold button presses. In the example shown here, the
circle was always paired with winning outcomes in the Reward Magnitude task, potentially
facilitating the passive acquisition of a reward-conditioned association. A fixation crosshair
is presented during the interstimulus intervals, and represents moments of rest during both
tasks.
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Win vs Loss

Fig. 5. Group activation maps for the primary contrast in the Reward Magnitude task in an
early sample of HCP-D participants (N = 104).
Positive activations (hot colors) depict Win > Loss activity, and no negative activations were

observed. Analysis was grayordinate-based, so the volume view on the left is restricted to
subcortical structures. Image threshold Z > 5.01, which corresponds to o < 0.05, Bonferroni-
corrected across grayordinates. Coronal images in neurological convention (R = R).
Numbers on left denote y-slice coordinates (mm) in MNI152 space. L = left, R = right. Data
and maps available at https://balsa.wustl.edu/k1D2.
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NoGo vs Go

Fig. 6. Group activation maps for the primary contrast in the Inhibitory Control task in an early
sample of HCP-D participants (N = 86).

Positive activations (hot colors) depict NoGo > Go activity, negative activations (cool colors)
depict Go > NoGo activity. Analysis was grayordinate-based, so activation in the volume
view on the left is restricted to subcortical structures. Left: Subcortical data displayed at
relaxed threshold of Z > 2.32, which corresponds to p < 0.001, uncorrected. Right: Cortical
(surface) data thresholded at Z > 5.01, which corresponds to p < 0.05, Bonferroni-corrected
across grayordinates. Coronal images in neurological convention (R = R). Numbers on left
denote y-slice coordinates (mm) in MNI152 space. L = left, R = right. Data and maps
available at https://balsa.wustl.edu/OKNI.
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Emotion Task
Select side on bottom that matches top stimulus

Bottom left Bottom right Bottom left Bottom right
POINTER FINGER MIDDLE FINGER POINTER FINGER MIDDLE FINGER

Face block Shape block

Fig. 7.
Emotion task, adapted from Hariri et al. (2000, 2002). During alternating blocks,

participants match the top image with the left or right bottom image. The timing and general
structure of the task is highly similar to that used for the Emotion task in HCP-YA (Barch et
al., 2013), but the specific sets of face stimuli differ, and only a single run is acquired
(compared to 2 runs per subject in HCP-YA).
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Faces vs Shapes

Fig. 8. Group activation maps for the primary contrast in the Emotion task in an early sample of
HCP-D participants (N = 105).

Positive activations (hot colors) depict Faces > Shapes activity, negative activations (cool
colors) depict Shapes > Faces activity. Analysis was grayordinate-based, so activation in the
volume view on the left is restricted to subcortical structures. Image threshold Z > 5.01,
which corresponds to p < 0.05, Bonferroni-corrected across grayordinates. Coronal images
in neurological convention (R = R). Numbers on left denote y-slice coordinates (mm) in
MNI152 space. L = left, R = right. Data and maps available at https://balsa.wustl.edu/2KLG.
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Table 1

Overview of inclusion and exclusion criteria.

Inclusion
Criteria

Exclusion Criteria

Age 5-21 years
Speaks English
well

Safe to enter
MRI

Premature birth
Serious medical conditions (e.g., stroke, cerebral palsy)

Serious endocrine condition (e.g., precocious puberty, untreated
growth hormone deficiency)

Long term use of immunosuppressants or steroids

Any history of serious head injury

Hospitalization >2 days for certain physical or psychiatric
conditions or substance use

Treatment >12 months for psychiatric conditions

Receiving certain special services at school

Claustrophobia

Pregnancy

Note: See Supplementary Table 1 for exhaustive list of inclusion and exclusion criteria.

Neuroimage. Author manuscript; available in PMC 2019 June 01.

Page 32



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Somerville et al.

Table 2

Summary of biological samples acquired in HCP-D.

Purpose Assay Sample Ages Acquired
Genotyping DNA (Banked for future Blood, saliva  Blood: 9-21
analysis) (if blood not  y.o.
acquired) Saliva: 5-8y.0.,
and if blood
draw refused
Diabetes risk  Hemoglobin Alc Blood 9-21y.0.
Drug use Cocaine, THC, Opiates, Urine 12-21y.o0.
Amphetamine,
Methamphetamine,
OxyContin
Active Breathalyzer Breath 12-21y.o.
alcohol
use
Pubertal Testosterone, progesterone,  Hair, saliva 5-21y.0.
hormones  estradiol, DHEA
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Summary of experiential and functional domains assessed in HCP-D.

Table 3

Domain

Assessments

Cognitive

Emotional

Sensorimotor and physical

Experiential and behavioral

Estimated 1Q

Languages learned
Vocabulary and reading
Inhibitory control

Episodic and working memory
Processing speed

Impulsivity

Delay discounting

Emotion recognition

Positive and negative emotion
Psychopathology symptoms and family history
Loneliness

Hostility

Self-efficacy

Temperament

Personality

Behavioral Inhibition and activation
Vision

Olfaction

Auditory word recognition

Physical strength

Physical endurance

Manual dexterity

Pubertal development

Adverse life events

Perceived stress

Friendships and social support
Family structure

Screen time

Sleep

Social rejection

Sports and activities
Substance abuse

Risk taking behavior

See Supplementary Table 3 for full listing of tasks and instruments used.
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