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Adolescent brain cognitive development study: Longitudinal methods, developmental findings, 
and associations with environmental risk factors 

In 2004, the New York Academy of Sciences hosted a national 
symposium focused on adolescent brain and behavioral development 
(Dahl and Spear, 2004). This effort, which highlighted pressing ques
tions related to the neurobehavioral, psychological, and social changes 
during adolescent development, is considered by many to have been the 
impetus for current research in the field. While the emphasis of the 
meeting was on adolescence as a period of both opportunity and 
vulnerability, the latter was emphasized more strongly in recognition of 
an accumulating body of evidence that a wide range of behavioral and 
emotional health problems emerge at this time. Among problems noted 
to accelerate during adolescence were substance use problems, sexual 
risk taking behaviors, and mental health challenges including elevated 
risks for affective disorder, suicidal behavior, and psychosis. Attended 
by luminaries in the field, the meeting concluded by encouraging 
collaboration and integration across preclinical, clinical, and social 
policy perspectives to generate, from this interdisciplinary perspective, 
discoveries that would inform early intervention and prevention 
strategies. 

The field responded enthusiastically to this call for action. Devel
opmental neuroimaging was in a state of relative infancy, but rigorous 
applications of current techniques to adolescent samples were adopted. 
A number of now-classic theoretical and empirical papers emerged that 
presented basic mechanisms of cognitive and affective development, 
their neural correlates, and an increasing recognition of the importance 
of motivational drives expressed in different contexts in shaping ado
lescents’ decision-making strategies and their potential to engage in risk- 
taking behavior (Casey et al., 2008; Ernst et al., 2006; Galvan et al., 
2006; Gogtay et al., 2004; Luciana et al., 2005; Luna et al., 2004; Paus 
et al., 2008; Steinberg, 2010). Pubertal development was recognized as a 
fundamental source of influence (Braams et al., 2015), and other bio
logical processes such as sleep (Carskadon et al., 2004; Short and Weber, 
2018) were scrutinized. Over time, it was increasingly acknowledged 
that not all adolescents are at equivalent risk (Bjork and Pardini, 2015) 
and that individual difference factors as well as experiential variations 
likely interact with age-related maturational changes to determine 
which youth are most vulnerable. 

At the same time, a number of limitations in extant approaches to 
identifying risk were identified. Many reports were based on cross- 
sectional rather than longitudinal data, limiting the ability to differen
tiate premorbid sources of vulnerability from neurodevelopmental de
viations. In addition, most studies relied on small samples that were not 
representative of the full population’s racial, ethnic and sociodemo
graphic distribution. Heterogeneity across measures and methodologies 
restricted conclusions that could be drawn from the literature, leading 

the National Institutes of Health (NIH) to encourage researchers across 
laboratories to harmonize their behavioral (Hamilton et al., 2011; 
Nuechterlein et al., 2008; Weintraub et al., 2013) and neuroimaging 
(Harms et al., 2018) assessments. 

Building upon these efforts and in response to these challenges, the 
Adolescent Brain Cognitive Development℠ Study (ABCD Study®) was 
initiated in the Fall of 2016 and is now the largest neuroimaging study of 
adolescent development worldwide. At the study baseline, 11,878 
youth, recruited using a probability sampling approach (Gard et al., 
2023; Garavan et al., 2018) from 21 performance sites across the United 
States, were enrolled with their caregivers to participate in a longitu
dinal assessment that involved behavioral and neuroimaging probes (see 
abcdstudy.org). Youth were aged 9–10 years at initial enrollment. Im
aging data have been collected every other year, while behavioral as
sessments occur yearly. Aspects of mental health and substance use are 
assessed every six months. Now in its 7th year, ABCD is funded by a 
range of federal institutes, including many of the NIH institutes, the 
NEA, and the DOJ among others. It is expected to continue until the 
youth are at least 19–20 years of age. In 2018, Developmental Cognitive 
Neuroscience hosted a special issue to introduce the project’s conceptu
alization, design, recruitment methods, assessment strategy, and plans 
for longitudinal assessment to the scientific community (c.f., Barch et al., 
2018; Feldstein Ewing et al., 2018; Garavan et al., 2018; Luciana et al., 
2018; Volkow et al., 2018). To date, hundreds of empirical papers have 
been published that have utilized the dataset (https://abcdstudy. 
org/publications/). 

With the support of the NIH, ABCD adopted an open science model to 
promote transparency and data sharing (Saragosa-Harris et al., 2022). 
De-identified data are shared through the NIH National Institute of 
Mental Health Data Archive (NDA: www.nda.gov), a collaborative 
platform that encourages cross-study and cross-site harmonization 
through common data standards. Approximately once yearly, curated 
ABCD data from the prior year of assessment are deposited into the NDA 
repository and may be accessed by members of the scientific community. 
When the papers for this issue were solicited, the project’s baseline, year 
1 and portions of year 2 data were available for analysis. Data from year 
3 became available as papers were being evaluated for inclusion. 

The goal of this issue is to update the field on the study’s longitudinal 
measures, best practices for the analysis of longitudinal data, and 
emerging findings. When papers were invited, we indicated a particular 
interest in empirical papers that use best practices to establish robust
ness and reliability, that leverage the longitudinal nature of the data, 
and that integrate findings across measurement domains. Given the is
sue’s timing, this was a tall order. Relatively few measures within 

Contents lists available at ScienceDirect 

Developmental Cognitive Neuroscience 

journal homepage: www.elsevier.com/locate/dcn 

https://doi.org/10.1016/j.dcn.2023.101311    

www.sciencedirect.com/science/journal/18789293
https://www.elsevier.com/locate/dcn
https://doi.org/10.1016/j.dcn.2023.101311
https://doi.org/10.1016/j.dcn.2023.101311
https://doi.org/10.1016/j.dcn.2023.101311
http://creativecommons.org/licenses/by-nc-nd/4.0/


Developmental Cognitive Neuroscience xxx (xxxx) xxx

2

ABCD’s assessment battery are repeated yearly. However, nearly all 
investigators who contributed to this issue were able to use at least two 
waves of data in their analyses (Anokhin et al., 2022; Mattoni et al., 
2021; Petrican et al., 2021; Rakesh et al., 2021) and several papers (e.g., 
Bagot et al., 2022; Barch et al., 2021; Gonzalez et al., 2021) feature three 
time points. Together the fifteen papers presented within this issue are 
maximally informative regarding the nature and psychometric integrity 
of the assessment battery, longitudinal methods and trends that can be 
fruitfully applied across future assessment waves, and the importance of 
capturing and modeling sociodemographic variation in assessing 
developmental trajectories. 

1. Psychometric integrity of study measures 

Rigorous and robust longitudinal assessment of developmental 
samples relies on the psychometric integrity of measures and designs 
that can differentiate patterns of maturational change from practice 
effects and other sources of measurement error (see Anokhin et al., this 
issue). In this issue, several components of the assessment battery, such 
as the culture and environment variables (Gonzalez et al., 2021), linked 
external data including geocoding (Fan et al., 2021), and measures for 
the assessment of gender identification and sexual health (Potter et al., 
2022) are described in comprehensive detail to guide researchers who 
plan to use these instruments. Several papers present psychometric data 
on the retest stability, internal consistency, and validity of select mea
sures such as ABCD’s screen time questionnaires (Bagot et al.), assess
ments of neurocognition (Anokhin et al.), mental health (Barch et al.), 
and culture and environment (Gonzalez et al., 2021) questionnaires. A 
validation of the Emotional Stroop Task, administered at post-baseline 
years 1, 3 and 5 (to date), is presented for the first time (Smolker 
et al., 2022) and indicates that the task is working as designed in 
capturing aspects of attention, inhibitory control, and emotional 
processing. 

Psychometric data presented for these components of the battery is 
encouraging. Anokhin et al. found that retest stability for ABCD’s ten 
neurocognitive outcomes that were measured longitudinally from 
baseline to year 2 ranged from fair (NIH Toolbox Flanker Task: r = 0.44) 
to excellent (NIH Toolbox Crystallized Cognition Composite: r = 0.82). 
Nearly all measures showed significant improvement with increasing 
age, although practice effects were observed for several variables 
including accuracy of performance on the NIH Toolbox Flanker, Pattern 
Comparison Processing Speed, and Picture Sequence Memory tests, and 
both accuracy and reaction time of the Little Man Task, which measures 
visuospatial processing (see Luciana et al., 2018). For two measures, the 
Rey Auditory Verbal Learning Test and the Little Man Task, assessment 
strategies were altered between baseline and year 2, and these alter
ations had measurable impacts on performance. Researchers are 
encouraged to take this information into account when analyzing 
ABCD’s neurocognition data. 

Similarly, Gonzalez et al. (2021) presented data from baseline, year 
1, and year 2 and found that ABCD’s measures of culture and environ
ment showed modest to good retest stability for all measures completed 
by caregivers. However, all youth measures showed relatively poor 
retest stability, despite adequate internal consistency. Importantly, the 
retest stability of youth reported measures was greater from year 1 to 
year 2 than it was from baseline to year 1, suggesting possible im
provements in the reliability of youth report over time. Moreover, 
almost all culture and environment measures administered to youth and 
caregivers demonstrated statistically significant differences between 
those youth identified as “lower” versus “higher risk”, based on care
giver endorsements of youth externalizing behaviors as well as parental 
substance use, at study enrollment. These findings validate the notion 
that youth who are at high risk for ongoing externalizing behaviors may 
experience a number of potential challenges based on characteristics of 
their proximal environments. 

Barch et al. presents information regarding plans for ABCD’s 

longitudinal assessment of mental health, including ways in which the 
Consortium will address known issues with some measures. For 
instance, an upgrade from KSADS version 1.0 to 2.0. will improve 
diagnostic precision, particularly for neurodevelopmental and psychotic 
disorders. In keeping with ABCD’s principles of justice, equity, diversity 
and inclusion (Simmons et al., 2021), the Self-Reported Delinquency 
Scale (SRD) has been discontinued by ABCD due to evidence of differ
ential item functioning in a manner that is biased against Black youth. 
ABCD’s mental health assessment includes categorical (e.g., KSADS) as 
well as dimensional (Achenbach System of Empirically Based Assess
ment: ASEBA)) measures. Benefits of the latter approach are empha
sized, including data collection across multiple informants, the ability 
over time to integrate parent and youth reports, and cross-cultural 
alignment with methods being used by other large-scale develop
mental studies (e.g., Generation R) that are ongoing. Further, as 
described below, Barch et al. presents data on the longitudinal trajec
tories of youth mental health and how these are impacted by a variety of 
socioeconomic related factors. 

Bagot et al. presents psychometric information for the Social Media 
Addiction Questionnaire (SMAQ) and Videogame Addiction Question
naire (VGAQ), both of which demonstrate excellent internal consistency 
reliability. Tests for measurement invariance indicated that the SMAQ 
showed a similar factor structure and item loadings across sex and race/ 
ethnicities. However, item intercepts varied across both sex and race/ 
ethnicity such that scalar invariance was not supported. Accordingly, 
the researchers cautioned against comparing group means on the SMAQ 
across different demographic groups. For the VGAQ, full configural, 
metric, and scalar invariance was found across racial and ethnic groups. 
However, item loadings and intercepts differed between female youth 
and male youth. Screen time increased significantly over time with 
variations by sex-assigned-at-birth for measures such as online social 
activities, which were more frequent for girls, versus gaming and screen 
watching, which were more frequent for boys. For all types of screen 
usage, use was reportedly more frequent on weekends versus weekdays. 
Given ongoing questions and concerns about associations between 
screen usage and health outcomes, these findings set the stage for future 
analyses that will assess longitudinal associations between screen usage, 
mental health outcomes, problematic substance use, and other youth 
characteristics. 

Longitudinal Retention and Methods. A longstanding goal within 
developmental psychology is to understand how various aspects of 
behavior are expressed over time, factors that predict variations in 
behavior, and how variations in behavior at one point in time might be 
associated with longer term outcomes. To make proper inferences, it is 
essential to be able to measure between-person differences in the context 
of within-person change over time (Curran et al., 2010), a goal that is 
particularly challenging in the context of developmental neuroimaging 
(Herting, Sowell, 2017; Pfeifer et al., 2018). To reliably and accurately 
model growth over time, at least three repeated observations are rec
ommended, the sample must be sufficiently large to accommodate 
person by time interactions across observed variables, and missing ob
servations should be relatively minimal in number, though missing data 
within large samples can usually be accommodated by newer analytic 
methods. 

The ABCD Study boasted an impressive retention record between 
2016 and 2020 as indicated in the paper by Feldstein Ewing et al. 
(2022), which focused on pre-pandemic metrics. Across 49,525 sched
uled visits between the study baseline and post-baseline year 3, 3.9% of 
visits were classified as missing, and the participant withdrawal rate was 
very low, at 1.1%. Importantly, missed visits and withdrawals between 
the study baseline and year 3 were more likely within select racia
l/ethnic groups (e.g., Spanish speakers) and in families with lower levels 
of parental education, lower levels of parental employment, and resi
dences that are greater distances from the relevant study site. Earlier 
missed visits were found to increase the likelihood of later study with
drawal, suggesting that implementing timely assistance and incentives 
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to promote continued engagement for families showing signs of reduced 
participation may be fruitful in order to encourage sustained involve
ment. Ongoing attention to differential patterns of attrition is needed to 
reduce potential retention bias in research using the ABCD data. 

In the context of these excellent retention patterns, ABCD’s large 
sample size and repeated measures approach allows change over time to 
be reliably modeled as a function of a variety of factors. Within this 
issue, Barch et al. illustrate this approach with respect to ABCD’s mea
sures of mental health. When multiple indices were assessed, there was a 
consistent pattern of age by sex interaction, such that youth-reported 
internalizing, externalizing, and total problem scores increased with 
age in females but decreased with age in males. When SES metrics were 
included in the models, metrics that reflect lower SES were related to 
greater youth-reported total, internalizing, and externalizing problems. 
While relatively few differences by race and ethnicity were found for 
youth reports, these effects were more substantial for caregiver reports. 

Indeed, several papers within this issue report differences in care
giver versus youth reports of various behaviors. For instance, in their 
report of screen time usage in the ABCD sample, Bagot et al. also report 
differences in caregiver versus youth endorsements with youth reporting 
greater levels of screen usage. Potter et al. report low to modest corre
lations between caregiver and youth reports on measures of gender 
identity and sexuality. As described above, Gonzalez et al. (2021) re
ported better retest stability across caregiver-reported versus 
youth-reported measures. Similar patterns have been found for ABCD’s 
measures of pubertal development (Herting et al., 2021). Thus, re
searchers are encouraged to consider this information when selecting 
which informant’s data to utilize, as findings may vary depending on the 
measure, the age of the ABCD sample, and which informant is likely to 
have and report the most accurate information. Attention to possible sex 
effects in salient outcomes is warranted given differences reported by 
Barch et al. and Bagot et al. 

In an analysis of neurodevelopmental change, Palmer et al. (2022) 
utilized a novel approach, restriction spectrum imaging (RSI), a frame
work for modeling diffusion-weighted imaging, to quantify voxelwise 
restricted diffusion across the brain as well as associations with age. 
Across both gray and white matter, increasing age was associated with 
an increase in the proportion of restricted diffusion with the largest 
changes evident in the basal ganglia and midbrain. Moreover, age as
sociations varied with respect to the cytoarchitecture within white 
matter fiber tracts and subcortical structures, indicating that future 
studies should incorporate a voxelwise approach to assessing the 
behavioral significance of these findings. 

Using a different approach that also emphasizes the relevance of 
subcortical structures and their development, Mattoni et al. conducted a 
latent profile analysis to identify distinct neuroanatomical profiles of 
subcortical region volume and orbitofrontal cortical thickness in ABCD’s 
baseline sample. The analysis yielded a five-profile solution consisting of 
a reduced subcortical volume profile, a reduced orbitofrontal thickness 
profile, a reduced limbic and elevated striatal volume profile, an 
elevated orbitofrontal thickness and reduced striatal volume profile, and 
an elevated orbitofrontal thickness and subcortical volume profile. After 
controlling for age, sex, and intracranial volume, it was found that there 
were differences between individuals in their levels of concurrent psy
chopathology measured both dimensionally and categorically and in 
psychopathology at the year 1 follow-up, which was measured dimen
sionally, based on profile membership. A robust finding was that at 
baseline, youth in the profile characterized by reduced subcortical vol
umes had greater psychopathology across multiple domains, measured 
both dimensionally and diagnostically, relative to youth in other pro
files. In contrast, youth characterized by elevated OFC thickness and 
subcortical volumes had fewer concurrent neurodevelopmental prob
lems than youth in all other profiles. 

In an elegant analysis that incorporated a dimensional perspective on 
the structure of psychopathology, Romer and Pizzagalli (2021) exam
ined prospective relations over two years between executive function, 

operationalized through several of ABCD’s neurocognitive measures, 
and general psychopathology (p), which was factor analytically derived. 
A higher-order factor model of psychopathology was identified at 
baseline and validated at the one- and two-year follow-up waves. 
Consistent with previous research, a cross-sectional inverse relationship 
between executive function and general psychopathology emerged such 
that lower EF was associated with greater psychopathology. Using 
residualized-change models, it was then demonstrated that baseline EF 
prospectively predicted p factor scores two years later, even while 
controlling for prior p, sex, age, race/ethnicity, parental education, and 
family income. Baseline p factor scores also prospectively predicted 
change in EF two years later. These bi-directional prospective relations 
between EF and p appeared to be generalizable across multiple 
sub-domains of psychopathology, supporting the notion that executive 
dysfunction is both a transdiagnostic risk marker as well as a conse
quence of general psychopathology. Together, these papers cohere to 
illustrate the field’s interest in behavioral and neural predictors of 
mental health outcomes in the ABCD sample. 

2. Associations with environmental risk factors 

There is compelling evidence to suggest that early social adversity, 
reflected by lower family socioeconomic status (SES) in childhood, im
pacts neurodevelopmental trajectories with potential negative impacts 
on emotional and cognitive development, disruptions in brain devel
opment, and, as a result, increased risks for mental health challenges 
(Barch, 2022; Farah, 2018; Peverill et al., 2021; Palacios-Barrios and 
Hanson, 2019). These challenges may become evident during the 
adolescent period, particularly after the onset of puberty (Herting et al., 
2017; Pfeifer and Allen, 2021), which may mediate associations be
tween adverse early environmental experiences and later brain devel
opment (Sisk and Gee, 2022; Thijssen et al., 2020, 2022). Neuroimaging 
studies that have focused on these associations have traditionally 
involved smaller samples and a bias toward majority versus underrep
resented groups. A novel aspect of ABCD’s design concerns its inclusion 
of large numbers of participants from various racial, ethnic and socio
economic backgrounds (Garavan et al., 2018). Consideration of socio
economic background is crucial in evaluating risk for the emergence of 
mental health problems as illustrated by Barch et al. (this issue), who 
found that indicators of lower SES were related to greater total, inter
nalizing, and externalizing problems based on youth reports. DeJoseph 
et al. (2022) examined ABCD’s baseline data and implemented a 
moderated nonlinear factor analysis to psychometrically decompose 
aspects of socioeconomic status and demonstrated that socioeconomic 
indices and psychosocial threat, as measured by aspects of the family 
home environment, have different effects on variations in resting state 
frontolimbic connectivity. Rakesh et al. further demonstrate that so
cioeconomic measures have both common and unique associations with 
resting state brain activity, stressing the importance of examining these 
factors alone and in combination. Incorporating ABCD’s second wave of 
imaging data, Brieant et al. (2021) show that corticolimbic resting state 
connectivity becomes more strongly negative between baseline and year 
2. Exposure to negative life events, measured at year 1, is associated 
with a more strongly negative, and apparently more mature, pattern of 
corticolimbic connectivity at year 2, which, in turn, predicts lower levels 
of parent-rated Child Behavior Checklist (CBCL) internalizing symp
tomatology. Thus, there is a significant indirect effect of experiential 
adversity on the association between corticolimbic resting state con
nectivity and indices of psychopathology. 

Going forward, the ABCD Study is well-positioned to expand upon 
these findings given its comprehensive assessment of participant de
mographics, proximal aspects of each youth’s culture and environ
mental context, as well as distal environmental factors (see Fan et al., 
this issue) that capture aspects of the exposome (see Barch, 2022), such 
as environmental toxins and pollutants, urbanicity and its correlates, 
and neighborhood levels of poverty and crime, that may elevate risk for 
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psychopathology. 

3. Conclusions 

As illustrated within this issue, the scientific community is only 
beginning to harness the potential of the ABCD dataset to comprehen
sively describe mechanistic pathways of neurodevelopment and how 
these pathways and trajectories are impacted by variations in experi
ence. In the context of excellent retention over the first several years of 
the study and compelling data regarding the psychometric integrity of 
the overall assessment battery, several important trends are already 
evident, indicating that the course of early adolescent neuro
development from late childhood to mid-adolescence varies as a func
tion of sociodemographic characteristics and life experiences. As 
additional longitudinal data becomes available, we and other members 
of the Consortium look forward to ABCD’s generation of novel insights 
that will advance our understanding of adolescent development and 
young adult health outcomes. 

Acknowledgements 

This work was supported by grants U01DA041120, U01DA051038, 
and U01DA041048 awarded to ML, DB, and MH, respectively, by the 
National Institute on Drug Abuse. The content is solely the responsibility 
of the authors and does not necessarily represent the official views of the 
National Institutes of Health. 

References 

Anokhin, A.P., Luciana, M., Banich, M., Barch, D., Bjork, Jm, Gonzalez, Mr, Gonzalez, R., 
Haist, F., Jacobus, J., Lisdahl, K., Mcglade, E., Mccandliss, B., Nagel, B., Nixon, Sj, 
Tapert, S., Kennedy, Jt, Thompson, W., 2022. Age-related changes and longitudinal 
stability of individual differences in abcd neurocognition measures (Apr). Dev. Cogn. 
Neurosci. 54, 101078. https://doi.org/10.1016/J.Dcn.2022.101078. 

Bagot, K.S., Tomko, R.L., Marshall, A.T., Hermann, J., Cummins, K., Ksinan, A., 
Kakalis, M., Breslin, F., Lisdahl, K.M., Mason, M., Redhead, J.N., Squeglia, L.M., 
Thompson, W.K., Wade, T., Tapert, S.F., Fuemmeler, B.F., Baker, F.C., 2022. Youth 
screen use in the ABCD® study. Sep 1 Dev. Cogn. Neurosci. 57, 101150. https://doi. 
org/10.1016/j.dcn.2022.101150. 

Barch, D.M., 2022. Introduction to the special issue on the exposome-understanding 
environmental impacts on brain development and risk for psychopathology. Biol. 
Psychiatry Glob. Open Sci. 2 (3), 193–196. https://doi.org/10.1016/j. 
bpsgos.2022.05.007. 

Barch, D.M., Albaugh, M.D., Avenevoli, S., Chang, L., Clark, D.B., Glantz, M.D., 
Hudziak, J.J., Jernigan, T.L., Tapert, S.F., Yurgelun-Todd, D., Alia-Klein, N., 
Potter, A.S., Paulus, M.P., Prouty, D., Zucker, R.A., Sher, K.J., 2018. Demographic, 
physical and mental health assessments in the adolescent brain and cognitive 
development study: Rationale and description (Aug). Dev. Cogn. Neurosci. 32, 
55–66. https://doi.org/10.1016/j.dcn.2017.10.010. 

Barch, D.M., Albaugh, M.D., Baskin-Sommers, A., Bryant, B.E., Clark, D.B., Dick, A.S., 
Feczko, E., Foxe, J.J., Gee, D.G., Giedd, J., Glantz, M.D., Hudziak, J.J., Karcher, N.R., 
LeBlanc, K., Maddox, M., McGlade, E.C., Mulford, C., Nagel, B.J., Neigh, G., 
Palmer, C.E., Potter, A.S., Sher, K.J., Tapert, S.F., Thompson, W.K., Xie, L., 2021. 
Demographic and mental health assessments in the adolescent brain and cognitive 
development study: Updates and age-related trajectories (Dec). Dev. Cogn. Neurosci. 
52, 101031. https://doi.org/10.1016/j.dcn.2021.101031. 

Bjork, J.M., Pardini, D.A., 2015. Who are those “risk-taking adolescents”? Individual 
differences in developmental neuroimaging research. Dev. Cogn. Neurosci. 11, 
56–64. 

Braams, B.R., van Duijvenvoorde, A.C., Peper, J.S., Crone, E.A., 2015. Longitudinal 
changes in adolescent risk-taking: a comprehensive study of neural responses to 
rewards, pubertal development, and risk-taking behavior. May 6 J. Neurosci. 35 
(18), 7226–7238. https://doi.org/10.1523/JNEUROSCI.4764-14.2015. 

Brieant, A.E., Sisk, L.M., Gee, D.G., 2021. Associations among negative life events, 
changes in cortico-limbic connectivity, and psychopathology in the ABCD Study 
(Dec). Dev. Cogn. Neurosci. 52, 101022. https://doi.org/10.1016/j. 
dcn.2021.101022. 

Carskadon, M.A., Acebo, C., Jenni, O.G., 2004. Regulation of adolescent sleep: impli
cations for behavior. Ann. N. Y. Acad. Sci. 1021, 276–291. https://doi.org/10.1196/ 
annals.1308.032. 

Casey, B.J., Jones, R.M., Hare, T.A., 2008. The adolescent brain. Ann. N. Y. Acad. Sci. 
1124, 111–126. https://doi.org/10.1196/annals.1440.010. 

Curran, P.J., Obeidat, K., Losardo, D., 2010. Twelve frequently asked questions about 
growth curve modeling. J. Cogn. Dev. 11 (2), 121–136. https://doi.org/10.1080/ 
15248371003699969. 

Dahl, R.E., & Spear, L.P. (Eds.). (2004). Adolescent brain development: Vulnerabilities 
and opportunities. New York Academy of Sciences. 

DeJoseph, M.L., Herzberg, M.P., Sifre, R.D., Berry, D., Thomas, K.M., 2022. Measurement 
matters: an individual differences examination of family socioeconomic factors, 
latent dimensions of children’s experiences, and resting state functional brain con
nectivity in the ABCD sample (Feb). Dev. Cogn. Neurosci. 53, 101043. https://doi. 
org/10.1016/j.dcn.2021.101043. 

Ernst, M., Pine, D.S., Hardin, M., 2006. Triadic model of the neurobiology of motivated 
behavior in adolescence (Mar). Psychol. Med. 36 (3), 299–312. https://doi.org/ 
10.1017/S0033291705005891. 

Fan, C.C., Marshall, A., Smolker, H., Gonzalez, M.R., Tapert, S.F., Barch, D.M., Sowell, E., 
Dowling, G.J., Cardenas-Iniguez, C., Ross, J., Thompson, W.K., Herting, M.M., 2021. 
Adolescent brain cognitive development (ABCD) study Linked External Data (LED): 
protocol and practices for geocoding and assignment of environmental data (Dec). 
Dev. Cogn. Neurosci. 52, 101030. https://doi.org/10.1016/j.dcn.2021.101030. 

Farah, M.J., 2018. Socioeconomic status and the brain: prospects for neuroscience- 
informed policy. Nat. Rev. Neurosci. 19, 428–438. 

Feldstein Ewing, S.W., Bjork, J.M., Luciana, M., 2018. Implications of the ABCD study for 
developmental neuroscience. Dev. Cogn. Neurosci. 32, 161–164. 

Feldstein Ewing, S.W., Dash, G.F., Thompson, W.K., Reuter, C., Diaz, V.G., Anokhin, A., 
Chang, L., Cottler, L.B., Dowling, G.J., LeBlanc, K., Zucker, R.A., Tapert, S.F., 
Brown, S.A., Garavan, H., 2022. Measuring retention within the adolescent brain 
cognitive development (ABCD)SM study (Apr). Dev. Cogn. Neurosci. 54, 101081. 
https://doi.org/10.1016/j.dcn.2022.101081. 

Galvan, A., Hare, T.A., Parra, C.E., Penn, J., Voss, H., Glover, G., Casey, B.J., 2006. 
Earlier development of the accumbens relative to orbitofrontal cortex might underlie 
risk-taking behavior in adolescents. J. Neurosci.: Off. J. Soc. Neurosci. 26 (25), 
6885–6892. 

Garavan, H., Bartsch, H., Conway, K., Decastro, A., Goldstein, R.Z., Heeringa, S., 
Jernigan, T., Potter, A., Thompson, W., Zahs, D., 2018. Recruiting the ABCD sample: 
Design considerations and procedures (Aug). Dev. Cogn. Neurosci. 32, 16–22. 
https://doi.org/10.1016/j.dcn.2018.04.004. 

Gard, A.M., Hyde, L.W., Heeringa, S.G., West, B.W., Mitchell, C., 2023. Why weight: 
analytic approaches to using large population neuroscience data. Dev. Cogn. Neu
rosci. https://doi.org/10.1016/j.dcn.2023.101196. 

Gogtay, N., Giedd, J.N., Lusk, L., Hayashi, K.M., Greenstein, D., Vaituzis, A.C., 
Nugent 3rd, T.F., Herman, D.H., Clasen, L.S., Toga, A.W., Rapoport, J.L., 
Thompson, P.M., 2004. Dynamic mapping of human cortical development during 
childhood through early adulthood. Proc. Natl. Acad. Sci. USA 101 (21), 8174–8179. 
https://doi.org/10.1073/pnas.0402680101. 

Gonzalez, R., Thompson, E.L., Sanchez, M., Morris, A., Gonzalez, M.R., Feldstein 
Ewing, S.W., Mason, M.J., Arroyo, J., Howlett, K., Tapert, S.F., Zucker, R.A., 2021. 
An update on the assessment of culture and environment in the ABCD Study®: 
emerging literature and protocol updates over three measurement waves (Dec). Dev. 
Cogn. Neurosci. 52, 101021. https://doi.org/10.1016/j.dcn.2021.101021. 

Hamilton, et al., 2011. The PhenX toolkit: get the most from your measures. Am. J. 
Epidemiol. 174 (3), 253–260. 

Harms, M.P., Somerville, L.H., Ances, B.M., Andersson, J., Barch, D.M., Bastiani, M., 
Bookheimer, S.Y., Brown, T.B., Buckner, R.L., Burgess, G.C., Coalson, T.S., 
Chappell, M.A., Dapretto, M., Douaud, G., Fischl, B., Glasser, M.F., Greve, D.N., 
Hodge, C., Jamison, K.W., Jbabdi, S., Yacoub, E., 2018. Extending the human con
nectome project across ages: imaging protocols for the lifespan development and 
aging projects. NeuroImage 183, 972–984. 

Herting, M.M., Sowell, E.R., 2017. Puberty and structural brain development in humans 
(Jan). Front Neuroendocr. 44, 122–137. https://doi.org/10.1016/j. 
yfrne.2016.12.003. 

Herting, M.M., Kim, R., Uban, K.A., Kan, E., Binley, A., Sowell, E.R., 2017. Longitudinal 
changes in pubertal maturation and white matter microstructure (Jul). Psycho
neuroendocrinology 81, 70–79. https://doi.org/10.1016/j.psyneuen.2017.03.017. 

Herting, M.M., Urban, K.A., Gonzalez, M.R., Baker, F.C., Kan, E.C., et al., 2021. Corre
spondence between perceived pubertal development and hormone levels in 9-10 
year-olds from the adolescent brain cognitive development study. Front. Endocrinol. 
11, 549928 https://doi.org/10.3389/fendo.2020.549928. 

Luciana, M., Conklin, H.M., Hooper, C.J., Yarger, R.S., 2005. The development of 
nonverbal working memory and executive control processes in adolescents. Child 
Dev. 76 (3), 697–712. https://doi.org/10.1111/j.1467-8624.2005.00872.x. 

Luciana, M., Bjork, J.M., Nagel, B.J., Barch, D.M., Gonzalez, R., Nixon, S.J., Banich, M.T., 
2018. Adolescent neurocognitive development and impacts of substance use: Over
view of the adolescent brain cognitive development (ABCD) baseline neurocognition 
battery (Aug). Dev. Cogn. Neurosci. 32, 67–79. https://doi.org/10.1016/j. 
dcn.2018.02.006. 

Luna, B., Garver, K.E., Urban, T.A., Lazar, N.A., Sweeney, J.A., 2004. Maturation of 
cognitive processes from late childhood to adulthood. Child Dev. 75 (5), 1357–1372. 
https://doi.org/10.1111/j.1467-8624.2004.00745.x. 

Mattoni, M., Wilson, S., Olino, T.M., 2021. Identifying profiles of brain structure and 
associations with current and future psychopathology in youth (Oct). Dev. Cogn. 
Neurosci. 51, 101013. https://doi.org/10.1016/j.dcn.2021.101013. 

Nuechterlein, K.H., Green, M.F., Kern, R.S., Baade, L.E., Barch, D.M., Cohen, J.D., 
Essock, S., Fenton, W.S., Frese 3rd, F.J., Gold, J.M., Goldberg, T., Heaton, R.K., 
Keefe, R.S., Kraemer, H., Mesholam-Gately, R., Seidman, L.J., Stover, E., 
Weinberger, D.R., Young, A.S., Zalcman, S., Marder, S.R., 2008. The MATRICS 
Consensus Cognitive Battery, part 1: test selection, reliability, and validity. Am. J. 
Psychiatry 165 (2), 203–213. 

Palacios-Barrios, E.E., Hanson, J.L., 2019. Poverty and self-regulation: connecting psy
chosocial processes, neurobiology, and the risk for psychopathology. Compr. Psy
chiatry 90, 52–64. 

Palmer C.E., Pecheva D., Iversen J.R., Hagler D.J. Jr, Sugrue L., Nedelec P., Fan C.C., 
Thompson W.K., Jernigan T.L., Dale A.M. Microstructural development from 9 to 14 

M. Luciana et al.                                                                                                                                                                                                                                

https://doi.org/10.1016/J.Dcn.2022.101078
https://doi.org/10.1016/j.dcn.2022.101150
https://doi.org/10.1016/j.dcn.2022.101150
https://doi.org/10.1016/j.bpsgos.2022.05.007
https://doi.org/10.1016/j.bpsgos.2022.05.007
https://doi.org/10.1016/j.dcn.2017.10.010
https://doi.org/10.1016/j.dcn.2021.101031
http://refhub.elsevier.com/S1878-9293(23)00116-0/sbref6
http://refhub.elsevier.com/S1878-9293(23)00116-0/sbref6
http://refhub.elsevier.com/S1878-9293(23)00116-0/sbref6
https://doi.org/10.1523/JNEUROSCI.4764-14.2015
https://doi.org/10.1016/j.dcn.2021.101022
https://doi.org/10.1016/j.dcn.2021.101022
https://doi.org/10.1196/annals.1308.032
https://doi.org/10.1196/annals.1308.032
https://doi.org/10.1196/annals.1440.010
https://doi.org/10.1080/15248371003699969
https://doi.org/10.1080/15248371003699969
https://doi.org/10.1016/j.dcn.2021.101043
https://doi.org/10.1016/j.dcn.2021.101043
https://doi.org/10.1017/S0033291705005891
https://doi.org/10.1017/S0033291705005891
https://doi.org/10.1016/j.dcn.2021.101030
http://refhub.elsevier.com/S1878-9293(23)00116-0/sbref15
http://refhub.elsevier.com/S1878-9293(23)00116-0/sbref15
http://refhub.elsevier.com/S1878-9293(23)00116-0/sbref16
http://refhub.elsevier.com/S1878-9293(23)00116-0/sbref16
https://doi.org/10.1016/j.dcn.2022.101081
http://refhub.elsevier.com/S1878-9293(23)00116-0/sbref18
http://refhub.elsevier.com/S1878-9293(23)00116-0/sbref18
http://refhub.elsevier.com/S1878-9293(23)00116-0/sbref18
http://refhub.elsevier.com/S1878-9293(23)00116-0/sbref18
https://doi.org/10.1016/j.dcn.2018.04.004
https://doi.org/10.1016/j.dcn.2023.101196
https://doi.org/10.1073/pnas.0402680101
https://doi.org/10.1016/j.dcn.2021.101021
http://refhub.elsevier.com/S1878-9293(23)00116-0/sbref23
http://refhub.elsevier.com/S1878-9293(23)00116-0/sbref23
http://refhub.elsevier.com/S1878-9293(23)00116-0/sbref24
http://refhub.elsevier.com/S1878-9293(23)00116-0/sbref24
http://refhub.elsevier.com/S1878-9293(23)00116-0/sbref24
http://refhub.elsevier.com/S1878-9293(23)00116-0/sbref24
http://refhub.elsevier.com/S1878-9293(23)00116-0/sbref24
http://refhub.elsevier.com/S1878-9293(23)00116-0/sbref24
https://doi.org/10.1016/j.yfrne.2016.12.003
https://doi.org/10.1016/j.yfrne.2016.12.003
https://doi.org/10.1016/j.psyneuen.2017.03.017
https://doi.org/10.3389/fendo.2020.549928
https://doi.org/10.1111/j.1467-8624.2005.00872.x
https://doi.org/10.1016/j.dcn.2018.02.006
https://doi.org/10.1016/j.dcn.2018.02.006
https://doi.org/10.1111/j.1467-8624.2004.00745.x
https://doi.org/10.1016/j.dcn.2021.101013
http://refhub.elsevier.com/S1878-9293(23)00116-0/sbref32
http://refhub.elsevier.com/S1878-9293(23)00116-0/sbref32
http://refhub.elsevier.com/S1878-9293(23)00116-0/sbref32
http://refhub.elsevier.com/S1878-9293(23)00116-0/sbref32
http://refhub.elsevier.com/S1878-9293(23)00116-0/sbref32
http://refhub.elsevier.com/S1878-9293(23)00116-0/sbref32
http://refhub.elsevier.com/S1878-9293(23)00116-0/sbref33
http://refhub.elsevier.com/S1878-9293(23)00116-0/sbref33
http://refhub.elsevier.com/S1878-9293(23)00116-0/sbref33


Developmental Cognitive Neuroscience xxx (xxxx) xxx

5

years: Evidence from the ABCD Study. Dev Cogn Neurosci. 2022 Feb;53:101044. doi: 
10.1016/j.dcn.2021.101044. Epub 2021 Dec 3. Erratum in: Dev Cogn Neurosci. 
2022 Jan 13;:101063. 

Paus, T., Keshavan, M., Giedd, J.N., 2008. Why do many psychiatric disorders emerge 
during adolescence? Nat. Rev. Neurosci. 9 (12), 947–957. https://doi.org/10.1038/ 
nrn2513. 

Petrican, R., Miles, S., Rudd, L., et al., 2021. Pubertal timing and functional neuro
developmental alterations independently mediate the effect of family conflict on 
adolescent psychopathology (Dec). Dev. Cogn. Neurosci. 52, 101032. https://doi. 
org/10.1016/j.dcn.2021.101032. 

Peverill, M., Dirks, M.A., Narvaja, T., Herts, K.L., Comer, J.S., McLaughlin, K.A., 2021. 
Socioeconomic status and child psychopathology in the United States: a meta- 
analysis of population-based studies. Clin. Psychol. Rev. 83, 101933. 

Pfeifer, J.H., Allen, N.B., 2021. Puberty initiates cascading relationships between neu
rodevelopmental, social, and internalizing processes across adolescence. Jan 15 Biol. 
Psychiatry 89 (2), 99–108. https://doi.org/10.1016/j.biopsych.2020.09.002. Epub 
2020 Sep 9.  

Pfeifer, J.H., Allen, N.B., Byrne, M.L., Mills, K.L., 2018. Modeling developmental change: 
contemporary approaches to key methodological challenges in developmental neu
roimaging. Dev. Cogn. Neurosci. 33, 1–4. https://doi.org/10.1016/j. 
dcn.2018.10.001. 

Potter, A.S., Dube, S.L., Barrios, L.C., Bookheimer, S., Espinoza, A., Feldstein Ewing, S. 
W., Freedman, E.G., Hoffman, E.A., Ivanova, M., Jefferys, H., McGlade, E.C., 
Tapert, S.F., Johns, M.M., 2022. Measurement of gender and sexuality in the 
Adolescent Brain (Feb). Cogn. Dev. (ABCD) Study Dev. Cogn. Neurosci. 53, 101057. 
https://doi.org/10.1016/j.dcn.2022.101057. 

Rakesh, D., Zalesky, A., Whittle, S., 2021. Similar but distinct - effects of different so
cioeconomic indicators on resting state functional connectivity: findings from the 
adolescent brain (Oct). Cogn. Dev. (ABCD) Study®. Dev. Cogn. Neurosci. 51, 
101005. https://doi.org/10.1016/j.dcn.2021.101005. 

Romer, A.L., Pizzagalli, D.A., 2021. Is executive dysfunction a risk marker or conse
quence of psychopathology? A test of executive function as a prospective predictor 
and outcome of general psychopathology in the adolescent brain cognitive devel
opment study® (Oct). Dev. Cogn. Neurosci. 51, 100994. https://doi.org/10.1016/j. 
dcn.2021.100994. 

Saragosa-Harris, N.M., Chaku, N., MacSweeney, N., Guazzelli Williamson, V., 
Scheuplein, M., Feola, B., Cardenas-Iniguez, C., Demir-Lira, E., McNeilly, E.A., 
Huffman, L.G., Whitmore, L., Michalska, K.J., Damme, K.S., Rakesh, D., Mills, K.L., 
2022. A practical guide for researchers and reviewers using the ABCD Study and 
other large longitudinal datasets. Dev. Cogn. Neurosci. 55, 101115. 

Short, M.A., Weber, N., 2018. Sleep duration and risk-taking in adolescents: a systematic 
review and meta-analysis. Sleep. Med. Rev. 41, 185–196. https://doi.org/10.1016/j. 
smrv.2018.03.006. 

Simmons, C., Conley, M.I., Gee, D.G., Baskin-Sommers, A., Barch, D.M., Hoffman, E.A., 
Huber, R.S., Iacono, W.G., Nagel, B.J., Palmer, C.E., Sheth, C.S., Sowell, E.R., 
Thompson, W.K., Casey, B.J., 2021. Responsible use of open-access developmental 

data: the adolescent brain cognitive development (ABCD) study. Psychol. Sci. 32 (6), 
866–870. 

Sisk, L.M., Gee, D.G., 2022. Stress and adolescence: vulnerability and opportunity during 
a sensitive window of development. Curr. Opin. Psychol. 44, 286–292. https://doi. 
org/10.1016/j.copsyc.2021.10.005. 

Smolker, H.R., Wang, K., Luciana, M., Bjork, J.M., Gonzalez, R., Barch, D.M., McGlade, E. 
C., Kaiser, R.H., Friedman, N.P., Hewitt, J.K., Banich, M.T., 2022. The emotional 
word-emotional face stroop task in the ABCD study: psychometric validation and 
associations with measures of cognition and psychopathology (Feb). Dev. Cogn. 
Neurosci. 53, 101054. https://doi.org/10.1016/j.dcn.2021.101054. 

Steinberg, L., 2010. A dual systems model of adolescent risk-taking. Dev. Psychobiol. 52 
(3), 216–224. https://doi.org/10.1002/dev.20445. 

Thijssen, S., Collins, P., Luciana, M., 2020. Pubertal development mediates the associa
tion between family environment and brain structure and function in childhood. 
Dev. Psychopathol. 32 (2), 687–702. https://doi.org/10.1017/ 
S0954579419000580. 

Thijssen, S., Collins, P.F., Luciana, M., 2022. Does pubertal stage mediate the association 
between family environment and structure and function of the amygdala-mPFC 
circuit? A replication study of the longitudinal ABCD cohort (Aug). Dev. Cogn. 
Neurosci. 56, 101120. https://doi.org/10.1016/j.dcn.2022.101120. 

Volkow, N.D., Koob, G.F., Croyle, R.T., Bianchi, D.W., Gordon, J.A., Koroshetz, W.J., 
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