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ARTICLE INFO ABSTRACT

Keywords: Purpose: The childhood-to-adolescence transition is a notable period of change including pubertal development,

Cortical thickness neurodevelopment, and psychopathology onset, that occurs in divergent patterns between sexes. This study

Ee';mdevempmem examined the effects of sex and puberty on cortical thickness (CT) in children and explored whether CT changes
uberty

over time related to emergence of psychopathology in early adolescence.

Methods: We used longitudinal data (baseline ages 9-10 and Year 2 [Y2] ages 11-12) from the ABCD Study (n =
9985). Linear and penalized function-on-function regressions modeled the impact of puberty, as it interacts with
sex, on CT. Focusing on regions that showed sex differences, linear and logistic regressions modeled associations
between change in CT and internalizing problems and suicide ideation.

Results: We identified significant sex differences in the inverse relation between puberty and CT in fifteen pri-
marily posterior brain regions. Nonlinear pubertal effects across age were identified in the fusiform, isthmus
cingulate, paracentral, and precuneus. All effects were stronger for females relative to males during this
developmental window. We did not identify associations between CT change and early adolescent clinical
outcomes.

Conclusion: During this age range, puberty is most strongly associated with regional changes in CT in females,
which may have implications for the later emergence of psychopathology.

Sex differences
Developmental psychopathology
Suicidal ideation

1. Introduction 1.1. Brain structure in adolescence and across puberty

Childhood and adolescence are marked by large-scale neuro-
developmental shifts that enable successful functioning in adulthood.
The sex-specific hormonal changes which occur in puberty, and their
timing, are critical in shaping neurodevelopment (Herting and Sowell,
2017). Nevertheless, the dynamics of how sex, puberty, and age interact
to impact neurodevelopment remain poorly understood, likely because
disentangling these complexities requires large samples.
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Puberty is the transition from childhood to adulthood marked by
physical changes (i.e., development of secondary sexual characteristics,
growth spurts), along with attainment of reproductive capacity and
gonadal maturation during gonadarche (Abreu and Kaiser, 2016). Sex
differences in pubertal onset and tempo are evident: females generally
experience pubertal onset earlier (8-12 years old) and demonstrate
linear increases in pubertal development with age, as compared to males
whose pubertal onset begins later (9-14 years old) and demonstrates a
quadratic-like trajectory (Vijayakumar et al., 2021). These sex-specific
patterns suggest that, at a given age, pubertal-specific impacts may
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unfold differently for male and female youth.

Nonlinear changes in cortical gray matter volume and surface area
occur during the adolescent transition. Pre-adolescents show increases
in gray matter volume and surface area, followed by decreases in later
adolescence, with varied patterns by region (Giedd et al., 1999; Wier-
enga et al., 2014). Frontal and parietal gray matter peak during early
adolescence followed by net decreases with age, while temporal lobe
gray matter peaks in late adolescence followed by a slight decline. The
occipital lobe shows linear increases in volume over time extending into
early adulthood (Ball et al., 2019). Total cortical volume consistently
shows decreases over time beginning in adolescence, with a slightly
accelerated decrease throughout the adolescent period (Herting and
Sowell, 2017; Vijayakumar et al., 2018). Though on average cortical
volume, thickness, and surface area all show negative change rates with
age, cortical thinning is the dominant contributor to cortical volume
reduction during adolescence (Tamnes et al., 2017; Wierenga et al.,
2014). Whether pubertal stage and sex differences impact these patterns
of neurodevelopment is of great interest.

Sex differences in neurodevelopment are evident between the ages of
4-20-years-old (Giedd et al., 1999; Wierenga et al., 2014). Cortical gray
matter volume, specifically in the frontal and parietal lobes, peaks
earlier in females (11.0 years and 10.2 years, respectively) compared to
males (12.1 years and 11.8 years respectively), although males
demonstrate larger total brain volumes and absolute cortical gray matter
volumes (Giedd et al., 1999; Koolschijn and Crone, 2013; Lenroot et al.,
2007). Cortical thickness (CT) reflects the distance between the surface
of white matter and the pial surface. There is evidence of spatial het-
erogeneity of CT change between sexes; although males demonstrate
increased cortex thickness in a number of frontal regions by age 9, by
age 22 they demonstrate accelerated cortical thinning compared to fe-
males (Raznahan et al., 2010). The same pattern is observed for total
brain, cerebral gray, and white matter volumes when brain maturation
was examined between the ages of 8-30 (Koolschijn and Crone, 2013).
Additionally, females show more rapid cortical thinning compared to
males in the inferior parietal, posterior temporal, and bilateral occipital
regions (Raznahan et al., 2010). While sex differences in regional CT
across age are clear, it is less clear whether puberty is a primary driver of
these differences.

Cross-sectional research has consistently evidenced negative associ-
ations between global gray matter volume/thickness and pubertal stage,
yet inconsistencies emerge when accounting for age (Vijayakumar et al.,
2018). A recent longitudinal study suggests that, when factoring in pu-
bertal status in addition to age, linear puberty-related changes are seen
across much of the cortex, with cortical regions showing an average
1.29% reduction in thickness per developmental stage (e.g., measured
through Tanner staging) (Marshall and Tanner, 1969, 1970; Vijayaku-
mar et al., 2021). There also appears to be an interaction between pu-
bertal tempo and age in relation to CT, where, between the ages of 8-14
years, males with faster pubertal tempo show more rapid cortical thin-
ning over time (Vijayakumar et al., 2021). It remains unclear how pu-
bertal development may impact CT differentially given chronological
age, as opposed to irrespective of age, and whether sex differences in-
fluence this association.

1.2. Puberty, brain structure, and clinical outcomes

The adolescent period represents a window of increased risk for
internalizing psychopathology and suicidality. Depressive and anxiety
disorders are diagnosed in 1-2% of children, as compared to 8-20% of
adolescents (Bitsko et al., 2018; Fleming and Offord, 1990; Lewinsohn,
1998). Further, suicide is the second leading cause of death for youth
ages 10-19 (Centers for Disease Control and Prevention, National Center
for Health Statistics, 2021). Recent large-scale data show that, for chil-
dren aged 9-10, the lifetime prevalence of suicidal ideation and attempt
is about 14% and 1%, respectively (Lawrence et al., 2021).

During the adolescent transition, shifts occur in the patterns of
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psychopathology among male and female youth. Depression, suicidal
ideation, and non-fatal suicide attempts are approximately equally
prevalent across male and female children cross-culturally (Rescorla
et al., 2007), though recent evidence shows that males may be more
likely to demonstrate clinically elevated internalizing and externalizing
symptoms at ages 9-10 (Loso et al., 2021). During adolescence, how-
ever, female youth become more likely to experience depression (Rutter
et al.,, 2003), non-fatal suicidal thoughts and behaviors (Cha et al.,
2018), and internalizing symptoms broadly (Hayward and Sanborn,
2002). Thus, there may be complex, sex-specific pubertal processes that
shape neurodevelopment in adolescence and contribute to the emer-
gence of sex-specific patterns of psychopathology.

Pubertal sex hormones, alongside genetic and environmental in-
fluences, are thought to modulate trajectories of brain development to
produce sex-specific vulnerabilities for psychopathology (Lopez-Ojeda
and Hurley, 2021). For example, sex moderates the association between
puberty and internalizing symptoms in 9-10-year-old children, pre-
dicting greater symptom severity for females as compared to males
(McNeilly et al., 2022). Adolescence may be a particularly important
time for investigating mechanisms driving sex differences in the devel-
opment of internalizing symptoms, as youth are undergoing neuro-
development in key emotional regulation regions (Spear, 2009),
including the amygdala, anterior cingulate cortex (ACC), medial pre-
frontal cortex (PFC), and striatum. Importantly, this developmental
process expresses multifinality; while all youth undergo these pubertal
changes, few develop psychopathology. As such, Ho and colleagues
(2021) theorize that it is not the pubertal processes that produce
vulnerability for psychopathology (specifically referring to suicidality),
but rather individual differences in neurobiological sensitivity to hor-
monal changes associated with puberty. In addition, the timing of pu-
bertal processes and their impacts on neurodevelopment are critical to
consider, as earlier pubertal onset is associated with heightened risk for
psychopathology (Barendse et al., 2021; Ullsperger and Nikolas, 2017),
including anxiety, depression, and withdrawn behaviors (McNeilly
et al., 2022).

Few studies have examined sex differences in, or the impacts of
pubertal stage on, the relation between neurodevelopment and psy-
chopathology. Among children ages 6-10 years, lower than average gray
matter volume, particularly in frontal brain regions, was associated with
broad indexes of psychopathology (Snyder et al., 2017). Conversely,
research from a large sample of 9-10-year-olds found greater global CT
among youth with externalizing or internalizing diagnoses compared to
healthy counterparts (Yu et al., 2021). Further research on internalizing
psychopathology and suicidality implicates neuroanatomical abnor-
malities in regions associated with emotion regulation and visual pro-
cessing. Internalizing symptoms have been linked to reduced gray
matter volumes in the insula in middle childhood (Snyder et al., 2017)
but decreased thinning in the orbital frontal cortex in late childhood
(Pfeifer and Allen, 2021; Whittle et al., 2020). In adolescence, inter-
nalizing symptoms are associated with greater fusiform gyrus CT for
male and female youth and superior frontal gyrus volumes for male, but
not female, youth (Smolker et al., 2022). Further, less surface area of
frontal, temporal, and parietal regions (Gifuni et al., 2021), as well as
smaller volumes in the right superior temporal gyrus (Pan et al., 2015),
are cross-sectionally associated with histories of suicidal behavior in
adolescence. What remains to be examined is whether change in cortical
structure over time is associated with the emergence of clinical problems
in adolescence, clarifying the directional nature of these links.

1.3. The current study

To address the gaps in knowledge highlighted above, the present
study has two primary aims. Aim 1 seeks to understand the effects of
pubertal development on CT as they might differ based on sex assigned
at birth and age. To do so, we model a sex by puberty interaction to
predict CT accounting for chronological age through two different
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methods: Aim 1a) including age as a statistical covariate, which means
that the interaction effect is modeled as being invariant across age, and
Aim 1b) modeling pubertal development and CT both as a function of
age, which allows for the interaction effect of sex and pubertal stage to
be nonlinear and vary in effect size across age. Aim 2 seeks to charac-
terize the association between cortical development and the emergence
of sex-different patterns of clinical problems in early adolescence. To do
so, Aim 2 focuses on the regions of interest (ROIs) that demonstrate
significant sex by puberty interactions from Aim la to model longitu-
dinal change in ROI CT, as it interacts with sex and pubertal change, as a
predictor of internalizing problems and suicidal ideation.

2. Method
2.1. Data Source

This study examined data from two visits, Baseline and Year 2 (Y2),
from the ongoing Adolescent Brain Cognitive Development (ABCD)
Study (data release 4.0, https://doi.org/10.15154/1523041), which
samples youth longitudinally. At Baseline (recruited in 2016-2018),
11,878 youth 9-10 years of age were recruited across 22 imaging sites
(Garavan et al., 2018).

2.2. Participants

Participants with full covariate data at Baseline, acceptable quality
MRI data, and pubertal data for at least one time point (to preserve
statistical power) were included for Aim 1 (N = 9985; Table 1). Par-
ticipants in Aim 2 were further limited to those with full MRI and pu-
bertal data at both timepoints (n = 4509; Table S1). See Fig. 1 for a
consort diagram of study sample selection. Missing data descriptives for
the Aim 1 and 2 samples are reported in the Supplemental Results.

2.3. Measures and materials

2.3.1. Demographics

Demographic variables were reported by each parent or guardian
(herein referred to as parent) at Baseline and Y2 and included chrono-
logical age in months, youth sex assigned at birth, youth race and
ethnicity, combined total family income, highest household/parent ed-
ucation, and parent/guardian marital status.

2.3.2. Pubertal development

The Pubertal Developmental Scale (PDS), originally designed as a
self-report questionnaire (Petersen et al., 1988), was completed by
youth and their (Barch et al., 2018). For our project, we focused on
parents’ reports of their youth’s pubertal development at Baseline and
Y2. The PDS includes sex-specific questions about height, body hair, skin
changes, voice changes (males), breast growth (females), and menarche
(females) on a four-point scale ranging from has not started (1) to seems
complete (4). Pubertal stage, comparable to Tanner staging (ranging
from Tanner I to Tanner V; Emmanuel and Bokor, 2022), was calculated
based on parent-reported PDS scores given that parent reports may be
more valid at these early ages (Cheng et al., 2021; Herting et al., 2021;
Schlossberger et al., 1992) and that there is a large amount of missing
data from self-report at Baseline and Y2 (Cheng et al., 2021). This
approach is consistent with other studies using ABCD puberty data (e.g.,
Demidenko et al., 2021; McNeilly et al., 2022; Thijssen et al., 2020;
2022).

2.3.3. Clinical problems

The Child Behavior Checklist (CBCL) was completed by the parent at
Baseline and Y2 and indicates specific problems each youth has
exhibited in the past six months on a 4-point Likert scale, ranging from
not true (0) to very true (3)(Achenbach and Ruffle, 2000; Barch et al.,
2018). The current analyses relied on raw scores from the CBCL
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Missing N

14 (0.01%)

15 (0.01%)

Table 1
Aim 1 Sample Demographics and Clinical Characteristics Disaggregated by Sex.
Female Male p-value
Baseline (N = 4794) (N = 5191)
Age in months
Mean+SD (Min, 118.818 + 7.458 119.217 + 7.510 0.06
Max) (107,132) (107,132)
Pubertal Development®
Mean=+SD (Min, 2.162 + 0.910 (1,5) 1.351 + 0.596 (1,5) <
Max) 0.001
Missing, N(%) 43 (0.9%) 53 (1.0%)
Caregiver Marital 1
Status
Married, N(%) 3334 (69.5%) 3693 (71.1%)
Widowed 38 (0.8%) 43 (0.8%)
Divorced 435 (9.1%) 476 (9.2%)
Separated 178 (3.7%) 173 (3.3%)
Never Married 559 (11.7%) 540 (10.4%)
Living with Partner 250 (5.2%) 266 (5.1%)
Highest Caregiver
Education
Mean+SD (Min, 17.812 + 2.562 17.832 + 2.551
Max) (3,24) (3,24)
Race/Ethnicityb
White, N(%) 3709 (77.4%) 4111 (79.2%) 0.229
Asian 312 (6.5%) 318 (6.1%) 1
Black/African 961 (20.0%) 961 (18.5%) 0.443
American
Native American 167 (3.5%) 172 (3.3%) 1
Pacific Islander 27 (0.6%) 38 (0.7%) 1
Other 298 (6.2%) 314 (6.0%) 1
Hispanic/Latinx 887 (18.5%) 989 (19.1%) 1
Internalizing Problems
Mean=+SD (Min, 5.058 + 5.508 (0,42)  5.053 +5.508 (0,42) 1
Max)
Suicidal Ideation
Present, N(%) 380 (7.9%) 483 (9.3%) 0.131
Year 2 (n = 2210) (n = 2590)
Age in months
Mean+SD (Min, 142.671 + 7.525 143.294 + 7.688 0.038
Max) (128,162) (127,160)
Pubertal Development®
Mean+SD (Min, 3.193 + 0.813 (1,5) 1.917 + 0.866 (1,5) <
Max) 0.001
Caregiver Marital 0.749
Status
Married, N(%) 1542 (69.8%) 1888 (72.9%)
Widowed 23 (1.0%) 22 (0.8%)
Divorced 211 (9.5%) 253 (9.8%)
Separated 85 (3.8%) 84 (3.2%)
Never Married 242 (11.0%) 228 (8.8%)
Living with Partner 107 (4.8%) 115 (4.4%)
Highest Caregiver
Education
Mean+SD (Min, 17.848 + 2.471 17.946 + 2.453 1
Max) (6,24) (5,24)
Race/Ethnicity”
White, N(%) 1741 (78.8%) 2135 (82.4%) 0.125
Asian 136 (6.2%) 145 (5.6%) 1
Black/African 409 (18.5%) 394 (15.2%) 0.021
American
Native American 87 (3.9%) 82 (3.2%) 1
Pacific Islander 18 (0.8%) 16 (0.6%) 1
Hispanic/Latinx 391 (17.7%) 483 (18.6%) 1
Internalizing Problems
Mean+SD (Min, 5.189 +5.813(0,40)  4.679 +5.353 (0,50)  0.013
Max)
Missing N 0 (0.0%) 1 (0.0%)
Suicidal Ideation
Present, N(%) 195 (8.8%) 168 (6.5%) 0.021

Table Caption. Sample descriptors and results from 2-tailed chi-squared and in-
dependent samples t-test analyses with Bonferroni correction applied to deter-
mine sex differences. * p < 0.05 (difference between males and females). * While
some subjects are missing one of Baseline or Y2, none are missing pubertal data
at both time points. ° For race/ethnicity, the ABCD Study permits subjects to
select more than one racial/ethnic affiliation, thus race/ethnicity counts are
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representative of the total number of subjects that identify with a given race/
ethnicity and do not equal total sample size.

Internalizing Problems Scale, as is recommended by the instrument
authors to preserve the full range of variation (Achenbach & Rescorla,
2001; see also Thurber & Sheehan, 2012).

The computerized Kiddie Schedule for Affective Disorders and
Schizophrenia for DSM-5 (KSADS-COMP) was administered to both
youth and the parent to assess for clinical symptom profiles (Barch et al.,
2018; Kaufman et al., 1997, 2021). Suicidal ideation at Baseline and Y2
was coded according to youth endorsement, as youth reports may be
more reliable than parent reports and are associated with neural indexes
(Wiglesworth et al., 2021), of current or past thoughts in any of the
following five domains: passive, active but non-specific, active with a
specific method in mind, active with intent, and active with a plan.

2.3.4. Brain imaging

Tabulated structural MRI data provided by the ABCD Study for
Baseline and Y2 MRI scans (Casey et al., 2018) was used. We examined
CT of 34 ROIs defined by FreeSurfer automatic parcellations (Desikan
et al., 2006; Fischl and Dale, 2000). CT values were averaged across
hemispheres as we had no a priori hypotheses about lateralization of
effects given extant research. Data were included if they met ABCD
standards for Freesurfer quality control (Hagler et al., 2019).

2.4. Data analysis

2.4.1. Overview of models and covariates

All analyses controlled for standard covariates recommended by the
ABCD Consortium, including Baseline age, sex, race, ethnicity, total
family income, parental education, and parent marital status. Linear
mixed effect regression (LMER) models used nested random effects to
account for the nested structure of participant within family group
within ABCD research site. Random effects could not be incorporated
into the penalized function-on-function regression (PFFR, see 2.4.2) or
logistic regression analyses (see 2.4.3) due to methodological limitations
and overfitting of the data, respectively. Instead, MRI manufacturer was
included as an additional covariate in PFFR and logistic regression an-
alyses to account for the variance across research sites that is attribut-
able to different scanning platforms (e.g., Siemens, General Electric,
Philips). The Bonferroni correction was used to adjust for multiple
comparisons across the included ROIs. Additional details specific to each
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analysis are provided below.

2.4.2. Aim1

To address Aim 1, which was to model sex differences in the effect of
pubertal stage on CT both controlling for and as a function of age, we
took a two-pronged approach. First, LMER was used to understand these
effects controlling for age (Aim 1a), with the main effects of pubertal
stage and sex and their interaction as the primary predictors, and
including fixed effects to control for the standard covariates. CT at
Baseline and Y2, nested within individuals, was our outcome measure.
The LMER, however, assumes that the main effects of PDS and sex do not
change based on age. PFFR (Ivanescu et al., 2015) was used to explore
whether allowing for non-linear patterns of effects across age illumi-
nated sex differences in different ROIs (Aim 1b). The PFFR modeling
framework assumes that pubertal stage and CT are each a sex-specific
smooth and potentially nonlinear function of age. PFFR then relates
these two functions, thereby allowing us to characterize the association
between pubertal stage and CT as a function of age and how this
age-varying association differs between sexes. Age-varying coefficient
functions relating CT within a region with pubertal stage, sex, and the
pubertal stage by sex interaction (to identify sex differences in pubertal
effects) were estimated using the pffr() function provided in the R
package refund (Goldsmith et al., 2021). Next, Wald-type testing was
applied to obtain an F-statistic for the statistical significance of each of
these coefficient functions, i.e., if the coefficient function is zero across
all ages. Greater values for the F-statistic for the coefficient function for
the pubertal stage by sex interaction would indicate greater differences
in the effect of puberty on CT for male versus female youth. As the effect
may vary across ages, the F-statistic essentially represents the aggregate
difference across all ages.

2.4.3. Aim2

To address Aim 2, which was to model the associations between CT
development and the emergence of clinical problems, we conducted a
series of LMER and logistic regression analyses. Specifically, we focused
on the ROIs identified from Aim 1la that showed significant sex differ-
ences in the effects of puberty on CT. Our primary predictor in each
model was the change in CT of those ROIs (from Baseline-Y2) as well as
the three-way interaction between change in CT, pubertal development
(e.g., change from Baseline-Y2), and sex. Each ROI was modeled inde-
pendently and our dependent variables were Y2 clinical problems,
including internalizing problems (LMER) and history of suicidal ideation

Available ABCD Study®™ Sample N = 11,878

1,893 Subjects Excluded for, at baseline,

1. Missing Scan Data (n = 67)

Aim 1 Sample N=9,985
(See Table 1)

2. Poor FreeSurfer QC (n=311)
3. Missing Pubertal Data (n = 329)
4. Missing Race (n = 154)

5. Non-Male/Female Sex (n = 3)

6.  Missing Family Income (n = 868)

5,476 Subjects
Excluded for
Missing Year 2 Data

7. Missing Ethnicity (n = 104)
8. Missing MRI Manufacturer Data (n = 15)
9. Missing Marital Status (n = 42)

(See Table 1)

Aim 2 Candidate Sample N=4,509

10.  Missing Parental Education (n = 0)

1 Subject Excluded
for Missing
Internalizing
Problems Data

56 Subjects Excluded for Missing
Suicidal Ideation Data

Internalizing Problems
Sample N = 4,508
(See Table S1)

Suicidal Ideation

Sample N = 4,453
(See Table S1)

Fig. 1. Consort Diagram of Study Samples by Aim. Figure Caption. Excluded data categories are listed sequentially and represent non-overlapping subjects (e.g., if a
participant is missing both Total Family Income and Marital Status data, they are only represented in the Total Family Income category).
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(logistic regressions). In addition to the previously outlined covariates,
we controlled for the respective clinical problem at Baseline, time-since-
Baseline, Baseline pubertal stage, and Baseline CT of the ROI and its
interaction with sex. We used McFadden’s pseudo R? (McFadden, 1973)
and the conditional R> (Nakagawa & Schielzeth, 2013) to assess the
quality of fit for the logistic regression models and the LMER models,
respectively.

3. Results
3.1. Aim 1: effects of puberty on cortical thickness

Descriptives can be found in Table 1 and additional information
regarding missing data patterns and subgroup descriptives can be found
in the Supplemental Results.

3.1.1. Aim 1a linear mixed effect regression analyses

There were no main effects of puberty on CT (Figs. S1, S2). However,
pubertal stage interacted with sex to significantly predict CT in 15 ROIs
(Fig. 2). Specifically, small negative effects indicating that pubertal
stage is inversely associated with CT, which was stronger for female
youth than for male youth, were found in the superior temporal sulcus
(B=-0.051), fusiform (B=-0.061), inferior parietal (B=-0.066), inferior
temporal (B=-0.051), insula (B=-0.053), isthmus cingulate (B=-0.056),
lingual (B=-0.063), parahippocampal (B=-0.034), paracentral (B=-
0.055), postcentral (B=-0.039), posterior cingulate (B=-0.054), pre-
cuneus (B=-0.077), rostral middle frontal (B=-0.050), superior parietal
(B=-0.061), and supramarginal (B=-0.045) regions (95% CI and p-
values in Table S2).

3.1.2. Aim 1b penalized function-on-function regression analyses

In PFFR analyses, where pubertal stage and CT were modeled as a
function of age, the main effect of pubertal stage was significantly
associated with CT in seven regions (Fig. S2, S3). Additional significant
sex by pubertal stage interactions were identified in five ROIs when
modeling pubertal stage and CT as a function of age (Fig. 3; all
p’s < 0.05, see Table S3). While the effects of puberty on CT in the
lingual gyrus appeared to be flat (age-invariant) for both sexes, the effect
was stronger for females as compared to males (F=10.934). The effect of
pubertal stage on CT in the fusiform gyrus (F=11.578), isthmus cingu-
late (F=11.160), and precuneus (F=6.277) was nonlinear across age (e.
g., age-variant), but generally demonstrated that more advanced pu-
bertal stage was associated with thinner cortices for both sexes, with the
effect being stronger for females than for males. In contrast, patterns
diverged in the paracentral gyrus (F=5.196), where for males the effect
of pubertal stage was age-invariant (e.g., flat across age), and for fe-
males, the negative effect of pubertal stage on CT was nonlinear and
strengthened with age. These effects are illustrated in Fig. 3b and
summary values of non-standardized effects can be found in Table S4.

3.2. Aim 2: cortical thickness change and clinical outcomes

3.2.1. Aim 2 descriptives

Descriptives in the Aim 2 subsample largely mirrored those in the
larger sample both at Baseline and Y2 (Table S1). There were no sig-
nificant differences in internalizing problems or suicide ideation be-
tween male and female youth at Baseline. At Y2, female youth had
higher internalizing problems (mean=5.170) and were more likely to
endorse suicide ideation (8.7%) than male youth (mean=4.668 and
6.5%, respectively).

3.2.2. Aim 2 linear mixed effect and logistic regression analyses

There were no significant three-way interactions to predict Y2
internalizing problems or suicide ideation (Tables S4, S5). To prioritize
simplicity and interpretability in the models, we removed the three-way
interaction and examined model results while retaining all two-way
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interactions. We did not identify any significant interaction effects be-
tween CT change and sex in predicting internalizing problems or suicide
ideation (Fig. 4; Table S7, S23). We also did not identify any significant
main effects of CT change to predict either outcome (Fig. S4). Though
not of primary interest, more advanced pubertal stage at Baseline
significantly predicted higher Y2 internalizing problems, but not suicide
ideation, across all models (Tables S8-S38 for full model results).

4. Discussion

Understanding brain changes that children undergo as they traverse
the tumultuous years bridging childhood and adolescence is critical,
both for advancing foundational knowledge about the human condition,
and for understanding the neural underpinnings of differential risk for
psychopathology in adolescence. Here we report sex differences in how
pubertal development impacts CT across time in a large, longitudinal
sample of children entering the pre-adolescent and early adolescent
period. Posterior brain regions were the most frequently represented
among the fifteen ROIs that evidenced significant sex differences in ef-
fects of puberty on CT adjusting for age. Effects for four of these ROIs, all
of which were medial posterior cortex regions, showed significant
nonlinear effects when modeling puberty and CT as a function of age.
Our results demonstrated that in these regions, the inverse association
between pubertal development and CT, where advanced pubertal stages
bring thinner cortices, was stronger for female youth than male youth of
these ages. Among the regions demonstrating sex differences in this age
group, there were no significant links between cortical development and
early adolescent psychopathology. Indeed, when considering our pri-
mary constructs of interest (CT, sex, pubertal development, and age), the
only significant relationship was Baseline pubertal stage predicting Y2
internalizing problems. While identified effects are small based on
traditional heuristics, significant effects in Aim 1 were predominantly
average with respect to effect size benchmarks for the ABCD Study
(Owens et al., 2021).

The extant literature highlights the complex, spatially heterogeneous
interactions between sex, age, and pubertal timing that relate to CT
during late childhood and early adolescent development. The current
analyses add nuance to this literature. While past research has identified
a linear association between cortical thinning and increased Tanner
stage (Vijayakumar et al., 2021), we found no evidence for effects of
pubertal stage on CT that were both sex- and age-invariant. Instead, we
identified a number of sex differences in these effects and as well as
nonlinear effects that varied across age. Our results further underscore
the spatially heterogeneous nature of these findings, with sex differences
found in pubertal effects on CT in posterior brain regions and
sex-adjusted, but age-variant, pubertal effects on CT found almost
entirely in frontal brain regions (Fig. S2, S3). Developmental timing may
be one factor driving this identified pattern, as posterior brain regions
generally mature earlier in the life course (Gogtay et al., 2004; Tamnes
etal., 2010) and frontal regions undergo protracted maturation well into
early adulthood (Giedd et al., 1999; Tamnes et al., 2010). Further, it
remains an important context that female and male youth in our sample
are misaligned on pubertal status based on age.

Interestingly, these sex-different regions largely encompass path-
ways relevant for social perception (e.g., visual regions, social-
cognition) and encoding episodic memories. Five of the fifteen sex-
different effects involve regions associated with visual processing; the
lingual gyrus, implicated in visual recognition and episodic memory
consolidation (Kukolja et al., 2016), fusiform gyrus, implicated in object
and face perception (Weiner and Zilles, 2016), inferior temporal gyrus,
implicated in high level object recognition, salience allocation, and
other more advanced aspects of visual perception (Herath et al., 2001),
inferior parietal cortex which regulates directed attention to stimuli
(Singh-Curry and Husain, 2009) with particular relevance for language
and social cognition (Bzdok et al., 2016), and parahippocampal cortex,
implicated in visuospatial processing (Aminoff et al., 2013). Further, the
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Fig. 2. Interaction Effects Between Sex and Pubertal Stage to Predict Cortical Thickness Adjusting for Age. Figure Caption. 2a: Forest plot of the standardized beta
coefficients and 95% confidence intervals of the sex by pubertal stage interaction effects, as they are associated with cortical thickness. Dashed vertical line cor-
responds to the null value (i.e., equal size of effects for male and female youth). Values further to the left of the null indicate where effect sizes for female youth are
more negative (i.e., the effect of puberty on cortical thickness— where higher puberty is associated with lower cortical thickness- is stronger) than effect sizes for male
youth. *** p < 0.001, ** p < 0.01, * p < 0.05 following Bonferroni correction. 2b: Spatial mappings of the effect of puberty on cortical thickness in regions with

significant interaction effects.
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indicate non-standardized beta coefficients. 3a: Spatial mapping of pubertal effects by sex, thresholded to display only significant regions of interest based on
interaction effects. 3b: Graphical depiction of interaction effects across age in significant regions of interest.

middle frontal cortex has been implicated in mediating broader social
functioning such as response selection and social monitoring (Rajah
etal., 2011). Two of the identified regions, the posterior cingulate cortex
(Mar, 2011) and superior temporal sulcus (Beauchamp, 2015), have
been implicated in instantiating theory of mind, a set of skills that
impact social development and interactions (Hughes and Leekam,
2004). Among the sex-different regions are also those that facilitate
self-referential thought, including the posterior cingulate cortex,
thought to support internally-directed cognition (Leech and Sharp,
2014) and the precuneus, a node of the default mode network which is
thought to instantiate self-referential thoughts (Raichle et al., 2001).
Finally, some of the identified regions facilitate the manipulation of
working and episodic memories, among them are the parahippocampal
gyrus, implicated in episodic memory (Aminoff et al., 2013), superior
parietal cortex, shown to be crucial for manipulating information in

working memory (Koenigs et al., 2009), isthmus cingulate, the tract that
connects the posterior cingulate to the parahippocampal gyrus which
has been implicated in episodic memory (Nielsen et al., 2005), and
precuneus, which is involved in the recall of episodic memories (Raichle,
2015).

Sex differences showing a stronger relationship between advanced
pubertal stage and thinner cortices in female versus male youth may
help explain why female youth experience earlier maturation (e.g.,
synaptic pruning) of these regions than their male peers, given the cu-
mulative effects of pubertal hormones on cortical structures as they
develop. This process may be quite consequential for female youth un-
dergoing the transition to adolescence as the functioning and develop-
ment of these regions are likely critical to effective social perception,
communication, and interactions through building appropriate social
schemas and self-concept (e.g., Pfeifer and Peake, 2011). These
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functions are especially crucial for youth as they navigate the complex
and ever-changing demands of seeking and obtaining social support
from peers, a process that increases in salience in adolescence (Berndt,
1982) and might be related to changes in neurobiology following pu-
bertal onset (Nelson et al., 2005). Greater sensitivity to the impact of
pubertal development in these posterior brain regions may in part un-
derlie phenomena in the stress-response and peer relations literatures,
such as the “tend-and-befriend” theory which posits that female ado-
lescents and early adults rely more heavily on social connections than
their male peers in responding to stressors (Byrd-Craven et al., 2015), as
well as findings that female adolescents are more sensitive to social
evaluation than males (Rose and Rudolph, 2006). Moreover, gender
socialization may be a mechanism bidirectionally associated with brain
development through social demands placed on individuals based on
their sex (despite gender identity); such demands may be greater for
female, as compared to male, youth and increase in intensity in
adolescence (Brooks-Gunn and Petersen, 1983; Wichstrgm, 1999), thus
continuing to interact with brain development over time.

Given the great distress and dysfunction associated with psychopa-
thology and the safety concerns associated with suicidality specifically,
identifying those at most risk for these outcomes is crucial to averting
suffering and death. However, we were unable to detect patterns of
cortical development in this age group that were significantly linked to
clinical problems at ages 11-12 that were strong enough to maintain
significance after accounting for multiple comparisons. These null
findings may be a function of our sample, who have not yet reached the
age for the typical onset of mood disorders and suicidality. Nevertheless,
the preliminary signals we were able to identify may be important
threads to follow up on in future research in this sample as they progress
through adolescence, as many of the ROIs highlighted (e.g., lingual
gyrus, isthmus cingulate, precuneus, fusiform gyrus) have been impli-
cated in research on internalizing symptoms, depression, and suicidality
in adolescence and adulthood (Cheng et al., 2018; Jung et al., 2014; Ries
et al., 2009; Smolker et al., 2022; Westlund Schreiner et al., 2019;

Wiglesworth et al., 2021).

4.1. Strengths, limitations, and future directions

A notable strength of the ABCD Study is its status as the largest
epidemiologically informed, longitudinal brain development study of
this age group to date, providing the opportunity to examine relatively
nuanced developmental patterns. Yet, the present study only begins to
account for the complexities of puberty. Our assessment of pubertal
status relies on parent reports through the PDS. The gold standard to
assess pubertal status is Tanner staging through a physical examination
by a trained clinician (Dorn and Biro, 2011). Though the PDS has lim-
itations compared to Tanner staging (e.g., captures less information
about the early stages of puberty), this form of assessment is valid,
non-invasive, and requires fewer resources to conduct (Cheng et al.,
2021).

Future research may include other estimates of pubertal develop-
ment, such as pubertal hormones, and do so beginning at younger ages.
These hormones may also act as mechanisms driving associations be-
tween puberty and cortical development. For example, increased
estradiol in females between ages 10-14 is associated with greater
thinning in middle temporal regions (Herting and Sowell, 2017). Com-
plex age by sex interactions are found in the association between
testosterone and CT in select regions (e.g., left post cingulate cortex,
dorsolateral prefrontal cortex, somatosensory cortex), where there is
change in strength or direction across age (sample age range 4-22 years;
Nguyen et al., 2013a, 2013b). Children in our study are at the typical age
for entering gonadarche (the second stage of puberty that begins the
cascade of physical changes; Dorn et al., 2006; Rosenfield et al., 2009),
which offers the potential for capturing the full spectrum of this pubertal
process. Processes jump started in adrenarche, which onsets around age
6, may be of interest in mechanistically setting the stage for adolescent
neurodevelopment. Indeed, increased production of adrenal hormones
during adrenarche is associated with structural brain development in
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adolescence (Herting and Sowell, 2017; Vijayakumar et al., 2021) as
well as psychopathology risk, progression, and treatment (Byrne et al.,
2017; Cumberland et al., 2021). In addition, testosterone and estradiol
concentration and the distribution of hormone receptors may influence
cortical development (e.g., Bramen et al., 2012; Peper et al., 2009),
though more work is needed to examine this possibility considering the
potential importance of account for age and sex variability in effects.

Another strength of our study includes the use of a flexible statistical
tool that accommodates multiple functional predictors as well as both
linear and nonlinear effects. In using this PFFR approach, we were able
to model the complex associations between a number of relevant vari-
ables over time. Contrasting our LMER and PFFR results emphasizes the
usefulness of new approaches that allow for modeling age-invariance in
potentially disentangling the associations between puberty and cortical
maturation. However, this statistical approach has some limitations in
that it is unable to incorporate random effects to account for the nested
structure of the data. As such, it is possible that the p-values reported by
the PFFR are too small, thus increasing the risk for false-positives. Our
logistic regression models have similar limitations, as using a random
effect to account for site effect in those models led to instabilities in
model fit, likely due to the small number of those who expressed suicide
ideation. However, in both sets of analyses, we accounted for a portion
of the site effect using the MRI platform as a proxy variable and used a
Bonferroni correction for our p-values, which is more conservative than
other statistical corrections. Variability of the pubertal stage data is
another statistical limitation; although there is greater variability in
pubertal stage at Baseline than there is in pubertal development from
Baseline to Y2, both were critical to consider in our Aim 2 analyses.

The large study sample afforded us the possibility to examine clinical
outcomes of interest prior to the typical onset of internalizing psycho-
pathology and suicidal ideation, despite the sample being recruited from
the general population rather than being enriched for psychopathology.
However, given that participants were not recruited to form a high-risk
sample, it is important to acknowledge that there was relatively limited
variability of parent reported internalizing problems, and there were a
relatively small percentage of youth who endorsed suicidal ideation.
Moreover, we only examined unidirectional effects. Research would
benefit from exploring the potential for bidirectional effects between
brain maturation and psychopathology across development. Early
childhood internalizing psychopathology predicts CT of the insula,
subgenual cingulate, and inferior parietal cortex (Luking et al., 2021)
and early onset of major depressive disorder during childhood is asso-
ciated with lower brain volume and greater cortical thinning (Luby
et al., 2016). There is a particular urgency to continue to work toward
early identification of those at risk for suicidality given that adolescents
who attempt suicide are most likely to do so within one to two years of
the onset of suicidal ideation (Glenn et al., 2017). Given the significant
individual difference that exists in pubertal timing, hormone levels, and
neurodevelopment, future work might benefit from employing methods
that explore the impact differences along these dimensions within in-
dividuals (e.g., see Bendez et al., 2022 for approach).

5. Conclusions

These analyses shed light on the dynamic, age- and sex-varying ef-
fects of puberty on brain development in the years bridging late child-
hood to early adolescence. Sex differences in how pubertal development
impacts CT across age were identified in posterior regions of the brain,
where the effect of pubertal development on thickness (more advanced
pubertal stage being associated with thinner cortex) were stronger for
female youth than male youth. The current findings offer new insights
that begin to disentangle the complex effects of puberty, sex, and age in
brain development during this critical pre-adolescent to adolescent
window, and although the results did not relate to psychopathology at
this early stage of development, the findings suggest avenues for future
research investigating the neurodevelopmental patterns predisposing
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youth for developing psychopathology later in adolescence.
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