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Abstract 
BACKGROUND: Variation in pubertal maturation relative to same-age, same-sex peers 
(pubertal timing) has been linked to increased risk for depressive symptoms during 
adolescence. This developmental period is also characterized by substantial reorganization of 
functional brain networks. However, how pubertal timing relates to resting-state functional 
connectivity (rsFC) changes and depression risk remains unclear. 
METHODS: We examined pubertal timing and rsFC associations in preadolescents aged 9–11 
years from the Adolescent Brain Cognitive Development (ABCD) Study. Pubertal timing was 
estimated using a puberty age gap approach based on parent-reported physical development. 
Linear mixed-effects and Bayesian multilevel models were used to assess cross-sectional and 
longitudinal associations between pubertal timing and rsFC across large-scale functional brain 
networks. We also tested whether rsFC differences explained associations between pubertal 
timing and later depressive symptoms. 
RESULTS: Earlier pubertal timing was associated with heterogeneous rsFC patterns, with 
stronger and more widespread effects in females. In females, earlier pubertal timing was 
associated with rsFC increases and decreases across sensory–motor and association 
networks, whereas in males, associations were more limited and localized to sensorimotor and 
cerebellar systems. Longitudinally, earlier pubertal timing in females predicted reductions in 
rsFC at the 2-year follow-up, with no significant associations in males. rsFC differences did not 
explain the pubertal timing and later depressive symptoms association. 
CONCLUSIONS: Pubertal timing is associated with sex-specific patterns of brain functional 
connectivity during early adolescence, with greater heterogeneity and broader network 
involvement in females. These findings suggest that pubertal maturation contributes to early 
reorganization of functional brain networks, although these changes did not explain subsequent 
depressive symptoms. 
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Introduction 
Adolescence marks a period of profound biological, psychological, and social transition, 

during which pubertal development reshapes multiple aspects of brain and behavior (1–6). 
During this time, large-scale functional brain networks undergo substantial reorganization, 
reflected in changes in resting-state functional connectivity (rsFC) within and between 
distributed neural systems (7–11). However, adolescents vary considerably in the timing of 
pubertal maturation relative to their same-sex peers, a construct referred to as pubertal timing. 
These individual differences represent an important source of variability in neurodevelopment 
and may influence functional brain network organization during adolescence. 

Understanding how variation in pubertal timing relates to the development of large-scale 
functional brain networks may provide insight into emerging mental health risk during this 
period. One outcome consistently linked to pubertal timing is depression. Depressive symptoms 
increase sharply during early adolescence (12–14), with girls showing faster and larger 
increases than boys (12,15–17). Earlier pubertal timing has been associated with more 
persistent depressive symptoms, earlier onset of internalizing disorders, and greater likelihood 
of clinical diagnoses (18–27). These effects are typically stronger in girls, whereas findings in 
boys are more mixed and remain comparatively understudied (24,28–38). Despite growing 
evidence linking pubertal timing to both brain development and mental health, how variation in 
pubertal timing shapes large-scale functional brain network organization and relates to 
depressive symptoms remains poorly understood. 

Functional neuroimaging studies have begun to examine associations among pubertal 
timing, brain connectivity, and depressive symptoms, but existing findings remain mixed. 
Vijayakumar et al. (39) using combined data from baseline and 2-year follow-up assessments 
from the Adolescent Brain Cognitive Development® (ABCD; (40)), reported that earlier pubertal 
timing was associated with reduced resting-state functional connectivity (rsFC) between limbic 
regions (amygdala, hippocampus) and cortical networks (i.e., the cingulo-opercular, 
sensorimotor mouth, and ventral attention). These rsFC reductions mediated the association 
between earlier pubertal timing and greater depressive symptoms. In contrast, Colich et al. (41) 
found that earlier pubertal timing was associated with higher externalizing, but not internalizing, 
symptoms in both boys and girls and that amygdala–mPFC connectivity showed no association 
with pubertal timing or psychopathology. Lastly, in a very small, preliminary study of 68 
adolescents from an independent sample, Chahal et al. (42) reported that earlier pubertal timing 
was associated with reduced connectivity among regions involved in affective and self-
referential processing (i.e., cingulate gyrus, precuneus, insula, inferior parietal lobule) with these 
patterns associated with concurrent and later depressive symptoms. Together, these findings 
suggest that pubertal timing may relate to both rsFC and depressive symptoms, although 
existing findings remain inconsistent and are largely limited to selected network subsets. 

A key limitation of prior work is the reliance on a priori–defined circuits, which may 
overlook broader network-level effects. Because results are constrained to a limited set of 
predefined pathways, reported associations may vary depending on the specific circuits and 
modeling approaches examined . In contrast, data-driven, connectome-wide analyses provide a 
more comprehensive assessment of brain organization but require large samples as brain-
behavior effect sizes are often small and variable across connections (43). Large-scale datasets 
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therefore offer an opportunity to identify more reliable and generalizable associations between 
pubertal timing, brain connectivity, and mental health. 

Here, we leverage the large ABCD cohort (n = 11,875) to conduct a data-driven, whole-
connectome analysis of pubertal timing, brain connectivity, and depressive symptoms in early 
adolescence. Using resting-state fMRI from youth assessed at baseline (BL; ages 9–11) and the 
2-year follow-up (Y2; ages 11–13), we quantified rsFC across 171 network-pair connections 
spanning major cortical networks and subcortical structures. Pubertal timing was estimated at 
BL using a puberty age gap approach derived from parent-reported physical development, and 
depressive symptoms were assessed at the BL, Y2, and the 3-year follow-up (Y3; ages 12–14) 
using the CBCL Withdrawn/Depressed subscale. First, we examined whether pubertal timing 
was associated with rsFC at BL (rsFCBL), and whether the strength and direction of these 
associations varied across large-scale network pairs. Next, we tested whether pubertal timing 
predicted longitudinal changes in rsFC. We then evaluated whether pubertal timing was 
associated with depressive symptoms both concurrently and prospectively, establishing the 
relevance of pubertal timing to mental health outcomes in this cohort. Finally, we assessed 
whether longitudinal differences in rsFC mediated the relationship between pubertal timing and 
later depressive symptoms. 

Methods and Materials 

Participants 
Data for the present study were drawn from the ABCD Study curated annual release 5.1. 

The analytic sample for the present study included multiple nested samples depending on data 
availability across behavioral and neuroimaging modalities (Fig. 1A). Details on sample 
construction and demographic characteristics are provided in the Supplemental Information 
(Fig. S1; Table S1). 

fMRI Data Acquisition and Processing 
Resting-state fMRI data were obtained from the ABCD Study’s BL and Y2 assessments 

and were preprocessed as previously described (44). Once processed, rsFC timecourses were 
extracted from 333 cortical (45) and 61 subcortical (46) parcels. These regions of interest were 
then averaged according to their functional network (47,48) or anatomical grouping (i.e., 
anatomical structures) to generate higher-order regions' timecourses (Fig. 1B). Pearson 
correlation coefficients were computed between all network/structure pair timecourses, yielding 
171 unique connections per participant, and were normalized using Fisher’s r-to-z 
transformation (47). Detailed preprocessing steps, parcel definitions, and network assignments 
are provided in the Supplemental Information. 
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Developmental and Behavioral Measures  

Pubertal Timing 
Pubertal timing was estimated separately for males and females using ABCD BL data 

and the puberty age method described by Dehestani et al. (48). Chronological age was 
predicted using items from the parent-reported Pubertal Development Scale (PDS) (49), 
including general physical development (e.g., height growth, body hair, skin changes) and sex-
specific indicators (e.g., facial hair, voice deepening, breast development, menstruation). Parent 
reports were used rather than youth self-reports given evidence that younger participants tend 
to overestimate development (50). The difference between predicted age (puberty age) and the 
actual chronological age, adjusted for regression-to-the-mean bias, yielded the puberty age gap. 
Positive values indicate earlier pubertal timing relative to chronological age, while negative 
values indicate later timing. Details about the pubertal timing estimation procedure are provided 
in the Supplemental Information. 

Depressive Symptoms 
Depressive symptoms were assessed using the parent-reported CBCL (51) from ABCD’s 

BL, Y2, and Y3 assessments. Analyses used raw scores (52) from the Withdrawn/Depressed 
syndrome scale, which captures symptoms such as social withdrawal, lack of enjoyment, low 
energy, and feelings of sadness or depression. Due to the positively skewed and overdispersed 
distribution of depressive symptom scores, they were modeled using a negative binomial 
distribution with a log link in all relevant analyses. 

Covariates 
In all analyses, age at the assessment wave corresponding to the outcome variable was 

included as a covariate to account for developmental differences in pubertal timing, brain 
function, and depressive symptoms. In longitudinal analyses with depressive symptoms as the 
outcome, models additionally adjusted for prior depressive symptoms (e.g., Y2 for Y3 outcome). 
Models included random intercepts of site, family, and participant, with network-pair–specific 
random slopes in rsFC models, allowing pubertal timing–rsFC associations to vary across 
connections within a partially pooled hierarchical framework. Random intercepts for site and 
family accounted for non-independence due to shared site and family membership, whereas the 
participant-level random intercept accounted for repeated measurements within individuals 
across network pairs. 

Statistical Analyses 

Baseline associations between pubertal timing and rsFC 
To characterize how pubertal timing relates to large-scale functional brain organization at 

BL, we examined associations between pubertal timing and rsFC across network pairs using 
complementary frequentist and Bayesian multilevel approaches. We first fit linear mixed-effects 
models including a pubertal timing × sex interaction and network-pair–specific random slopes. 
Sex-specific heterogeneity was evaluated by comparing pooled and extended models allowing 
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female-specific deviations. Sex-stratified models were then fit to aid interpretation. To obtain 
network-pair–specific estimates, we fit Bayesian multilevel models with the same model 
structure as in the frequentist approach. Posterior estimates were used to characterize the 
magnitude, direction, and uncertainty of pubertal timing–rsFC associations across network 
pairs. Details of model specification, estimation procedures, model comparison, and Bayesian 
inference are provided in the Supplemental Information. 

Longitudinal pubertal timing relations to rsFC 

Next, we examined whether pubertal timing was associated with longitudinal differences 
in rsFC. Within each sex, rsFC at Y2 (rsFCY2) was modeled as a function of pubertal timing, 
adjusting for age at Y2 (ageY2) and rsFCBL. Linear mixed-effects models included network-pair–
specific random slopes for pubertal timing. To identify stable longitudinal associations for 
mediation analyses, we implemented a 5-fold cross-validation procedure using Bayesian 
multilevel models. Network pairs showing consistent effects across folds (≥3 of 5 training folds) 
were carried forward for mediation analyses, and final estimates were obtained in the full 
sample. Details of model specification, cross-validation procedures, and stability criteria are 
provided in the Supplemental Information. 

Associations between pubertal timing and depressive symptoms, and 
network-specific mediation 

To evaluate associations between pubertal timing and depressive symptoms, we 
conducted cross-sectional and longitudinal mixed-effects analyses. First, we examined whether 
pubertal timing was associated with depressionBL using linear mixed-effects models including 
pubertal timing, sex, and their interaction as predictors, adjusting for age at BL (ageBL). We then 
tested whether pubertal timing predicted later depressive symptoms using longitudinal models 
with depressionY3 as the outcome, adjusting for depressionY2 and age at Y3 (ageY3). Together, 
these analyses assessed concurrent and prospective associations. Finally, we tested a 
longitudinal, network-specific mediation model using Bayesian multilevel analysis, linking 
pubertal timing to rsFCY2 (Path A) and rsFCY2 to depressionY3 (Path B), adjusting for rsFCBL and 
prior depressionY2 (Fig. 1C). Details of model specification, Bayesian estimation, and mediation 
procedures are provided in the Supplemental Information. 

Results 

Youths’ demographic characteristics 
In this sample (n = 9,220), males (52.5%) and females (47.5%) did not differ significantly 

in ageBL. Pubertal timing was defined as age-adjusted pubertal status (positive values = earlier 
maturation; negative values = later maturation relative to same-age, same-sex peers). Because 
pubertal timing distributions differed between males and females and violated normality and 
homogeneity of variance assumptions, sex comparisons were conducted using nonparametric 
Wilcoxon rank-sum tests (Table S1). Females exhibited a broader, more heterogeneous 
distribution of pubertal timing, with more extreme early and late values, resulting in a significant 
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sex difference (Fig. 1D; Table S1). Sex differences in depressive symptoms varied across time. 
Wilcoxon rank-sum tests indicated significantly higher depressionBL in males relative to females, 
no significant sex difference at Y2, and a reversal of this pattern by Y3, with females exhibiting 
higher depressive symptom scores than males (Fig. 1E; Table S1).  
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Figure 1. Sample derivation, parcellation, and sex differences in pubertal timing and 
depressive symptoms. (A) Flow diagram illustrating sample derivation. The full baseline (BL) 
cohort (n = 11,875) was sequentially restricted to participants with complete behavioral data at 
BL, complete behavioral data across BL and follow-ups, and complete resting-state functional 
connectivity (rsFC) data at BL and longitudinally. Subsamples used for pubertal timing 
calculation, depressive symptom analyses, cross-sectional rsFC analyses, and longitudinal 
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rsFC and mediation models are indicated. (B) Parcellation. A region-of-interest (ROI) approach 
was employed, incorporating a total of 394 parcels: 333 cortical parcels defined by Gordon et al. 
(45) and 61 subcortical parcels from Seitzman et al. (46). The ROIs were averaged according to 
their functional network or anatomical grouping (i.e., anatomical structure) to generate 
timecourses for higher-order regions. The cortical ROIs were organized into canonical large-
scale functional networks: default mode (DMN), somato-cognitive action (SCAN), visual (VIS), 
frontoparietal (FPN), dorsal attention (DAN), ventral attention (VAN), salience (SAL), action 
mode (AMN), sensorimotor dorsal (SMD), somatomotor lateral (SML), auditory (AUD), parietal 
memory (PMN), and context association (CAN). The subcortical ROIs were grouped into the 
following anatomical structures: hippocampus (HIPP), amygdala (AMYG), basal ganglia (BG), 
thalamus (THAL), and cerebellum (CEREB). (C) Longitudinal mediation model linking pubertal 
timing, rsFC, and depressive symptoms. Path A modeled associations between pubertal timing 
at BL and rsFC at the 2-year follow-up (Y2), whereas Path B modeled associations between 
rsFC at Y2 and depressive symptoms at the 3-year follow-up (Y3). Indirect effects (A × B) were 
estimated using Bayesian multilevel models. Analyses adjusted for baseline rsFC, prior 
depressive symptoms, and age at each time point. (D) Distribution of pubertal timing scores in 
males and females. Pubertal timing was operationalized as the difference between age 
predicted from physical development and chronological age. Positive values reflect earlier 
pubertal timing relative to same-sex, same-age peers, whereas negative values reflect later 
pubertal timing. Density plots illustrate sex differences in distributional shape, with females 
exhibiting a broader and more heterogeneous distribution and more extreme early and late 
values. The distribution of pubertal timing scores differed significantly between sexes (Wilcoxon 
rank-sum test, p < 0.001; Table S1). (E) Depressive symptom scores (CBCL 
Withdrawn/Depressed scale) at BL, Y2, and Y3 stratified by sex. Sex differences varied across 
time, with higher depressive symptoms in males at BL, no significant difference at Y2, and 
higher depressive symptoms in females at Y3 (Table S1). ** p < 0.001, * p < 0.01 

Earlier pubertal timing shows sex-differentiated rsFC patterns 
In the pooled model including both sexes, there was no evidence for an average 

association between pubertal timing and rsFCBL or for a pubertal timing × sex interaction at the 
population level, indicating that their overall association did not differ by sex. Despite the 
absence of a population-level pubertal timing effect, there was clear evidence of heterogeneity, 
with pubertal timing–rsFC associations varying in both strength and direction across network 
pairs (Table S2). To assess whether this heterogeneity differed by sex, we compared the pooled 
model to an extended pooled model allowing network-pair–specific deviations in females 
relative to males. The extended model provided a significantly better fit, with more pronounced 
network-specific differences in pubertal timing–rsFCBL associations in females (Table S3). 
Together, these results indicate substantial heterogeneity in pubertal timing–rsFCBL associations 
across network pairs, with sex-specific differences in the magnitude of this variability. 
 Given the observed sex-specific network-level heterogeneity in the extended pooled 
model, sex-stratified mixed-effects models were fit to estimate associations between pubertal 
timing and rsFCBL within each sex (Equation S1). In females, there was no evidence for an 
overall fixed-effect association between pubertal timing and rsFCBL, but network-pair–specific 
variability remained evident (Table S2). Bayesian multilevel models further revealed a 
heterogeneous pattern of associations across the connectome, with both negative and positive 
pubertal timing effects across 85 distinct network pairs (Fig. 2A). The strongest negative 
pubertal timing–rsFCBL associations were observed for the basal ganglia (BG)–auditory (AUD) 
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and BG–somatomotor lateral (SML) connections, indicating that earlier-maturing females 
showed lower rsFCBL in these connections relative to their same-age, same-sex peers. The 
strongest negative effects (i.e., networks/anatomical structures with the largest median absolute 
negative effect sizes across all pairs involving that network/anatomical structure) were observed 
in BG and ventral attention (VAN), followed by the cerebellum (CEREB) and sensorimotor 
dorsal (SMD) (Fig. 3A). Networks most frequently involved in negative pubertal timing–rsFCBL 
associations (based on the number of significant network pairs) were salience (SAL) and SML, 
followed by AUD, BG, and default mode (DMN). The strongest positive pubertal timing–rsFCBL 
associations were observed for the somato-cognitive action (SCAN)–SMD and SML–SMD 
connections. At the network level, the strongest positive effects were found for the VIS and VAN, 
followed by SMD and parietal memory (PMN) (Fig. 3B). Networks most frequently involved in 
positive pubertal timing–rsFCBL associations were CEREB, SMD, FPN, and dorsal attention 
(DAN). 

In males, pubertal timing was likewise not associated with rsFCBL at the overall (fixed-
effect) level. Network-pair–specific variability in pubertal timing effects was smaller in magnitude 
compared to females, indicating less heterogeneity in pubertal timing–rsFCBL associations 
across network pairs (Table S2). Bayesian multilevel models revealed pubertal timing–rsFCBL 
associations across 22 distinct network pairs, reflecting a more limited pattern of both negative 
and positive effects (Fig. 2A; Fig. S2) compared to females. The strongest negative associations 
involved SML–CEREB and within-network visual (VIS) connectivity (VIS–VIS). At the network 
level, the strongest negative effects were observed in SML and VIS, followed by the AUD and 
CEREB (Fig. 3C). Networks most frequently involved in negative associations were CEREB and 
AUD, followed by DMN and FPN. In contrast, the strongest positive associations were observed 
for SCAN–SMD and VIS–AUD. The strongest positive effects involved SCAN and SMD, 
followed by context association (CAN) and action mode (AMN) (Fig. 3D). Networks most 
frequently involved in positive associations were CEREB, SMD, FPN, and DAN. Full network-
pair–specific results for females and males are reported in Tables S4 and S5. 

Earlier pubertal timing predicts increased depressive symptoms 
over time 

The hypothesis that rsFC mediates the effect of pubertal timing on depressive symptoms 
requires that pubertal timing be significantly associated with depressive symptoms over time. At 
BL (Equation S3), earlier pubertal timing was significantly associated with higher depression, 
indicating that youth who were more advanced in pubertal development compared to peers 
reported greater depressive symptom severity. The pubertal timing × sex interaction was not 
significant, indicating similar associations in males and females (Table S6). In longitudinal 
analyses (Equation S4) earlier pubertal timing predicted higher depressionY3 after adjusting for 
prior symptoms (depressionY2; Table S6). As expected, depressive symptoms showed strong 
temporal stability, with depressionY2 robustly predicting depressionY3. The pubertal timing × sex 
interaction was again not significant. Together, these findings indicate that pubertal timing is 
associated with depressive symptoms both concurrently and over time, supporting further 
examination of potential neural mechanisms linking the two. 
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Female-specific longitudinal rsFC alterations are associated with 
pubertal timing, but do not mediate relations to depression 

We next examined whether pubertal timing was associated with longitudinal changes in 
rsFC from BL to Y2 while adjusting for ageY2 and rsFCBL (Equation S2). In females, earlier 
pubertal timing was associated with lower rsFCY2 at the fixed-effect (population) level after 
accounting for rsFCBL (Table S7). As expected, rsFC showed strong temporal stability, with 
rsFCBL robustly predicting rsFCY2. Importantly, there was heterogeneity in pubertal timing effects 
across network pairs, reflected in variability of network-pair–specific random slopes for pubertal 
timing (SD = 0.036; Table S7), indicating that longitudinal pubertal timing–rsFCY2 associations 
varied meaningfully across large-scale functional network pairs. 

To identify network pairs most consistently contributing to this heterogeneity, we 
performed a Bayesian 5-fold cross-validation analysis in females, estimating pubertal timing 
effects on rsFCY2 while adjusting for ageY2 and rsFCBL. Network pairs were considered stable if 
95% credible intervals excluded zero in ≥3 folds and the direction of the pubertal timing effect 
(positive or negative) was consistent across folds. This analysis identified a subset of 25 
network pairs exhibiting reproducible longitudinal associations with pubertal timing across folds 
(Fig. 2B; Fig. S3). The strongest negative pubertal timing–rsFCY2 associations were observed 
for the BG–SML and SAL–SML. At the network level, the strongest negative effects were found 
in BG and SML, followed by SMD and AUD (Fig. 3E). Networks most frequently involved in 
negative pubertal timing–rsFCY2 associations were VAN and AUD, followed by BG, SML, and 
THAL. The strongest positive associations were BG–CEREB and PMN–THAL and the strongest 
positive effects were found in BG and CEREB (Fig. 3F). The structure most frequently involved 
in positive pubertal timing–rsFCY2 associations was the BG. 

In mediation models, pubertal timing showed a robust positive association with 
depressionY3, which remained after accounting for rsFCY2, with a similarly positive direct effect, 
indicating that earlier pubertal timing was associated with higher later depressive symptoms 
independent of rsFC differences. While Path A (pubertal timing � rsFCY2, controlling for rsFCBL) 
showed effects with 95% credible intervals excluding zero for the 25 selected network pairs, 
Path B (rsFCY2� depressionY3, controlling for depressionY2) showed no evidence of 
associations. Accordingly, no network-specific indirect effects showed credible evidence of 
mediation. Full cross-validation and mediation results for females are reported in Tables S8 and 
S9. 

In males, pubertal timing was not significantly associated with rsFCY2. In contrast to 
females, there was little evidence of heterogeneity in pubertal timing–rsFCY2 associations 
across network pairs (Table S7). For consistency with the female analyses, we applied the same 
Bayesian 5-fold cross-validation procedure to identify rsFCY2 network pairs showing stable 
longitudinal associations with pubertal timing. As expected, given the minimal between-network 
variability, no network pairs met the predefined stability criteria (Fig. 2B). 
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Figure 2. Network-pair associations between pubertal timing and resting-state functional 
connectivity at (A) baseline and (B) the 2-year follow-up. Heatmaps depict posterior median 
slopes (β) from Bayesian multilevel models estimating cross-sectional associations between 
pubertal timing and rsFC across large-scale functional network pairs. Warmer colors indicate 
positive associations (earlier pubertal timing associated with higher rsFC), whereas cooler 
colors indicate negative associations (earlier pubertal timing associated with lower rsFC). Black 
outlines and overlaid dots indicate network pairs whose 95% credible intervals excluded zero, 
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reflecting credible cross-sectional associations under the hierarchical model (Panel A) and 
network pairs that met the predefined stability criterion (credible non-zero effect in ≥3 of 5 cross-
validation folds with consistent direction), indicating reproducible longitudinal effects (Panel B). 

Figure 3. Network-level magnitude of positive and negative pubertal timing effects on 
resting-state connectivity across sex and time. Surface maps depict the median absolute 
effect size (|β|) of pubertal timing on resting-state functional connectivity (rsFC), separated by 
direction of association. Positive effects indicate higher rsFC whereas negative effects indicate 
lower rsFC in earlier-maturing youth. Left column shows networks most frequently involved in 
positive associations; right column shows networks most frequently involved in negative 
associations. Rows correspond to males at baseline (BL; top), females at BL (middle), and 
females at the 2-year follow-up (Y2; bottom). Color intensity reflects the median absolute β 
within each network, with white indicating smaller effects and darker red (positive column) or 
blue (negative column) indicating larger effect magnitudes. All panels use a common color scale 
(0.025–0.08) to allow direct comparison across sex and time. 

Discussion 
The current study investigated whether earlier pubertal timing is associated with large-

scale patterns of rsFC in preadolescence and whether these functional network-level 
differences contribute to subsequent depressive symptoms. Leveraging a large, population-
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based cohort (ABCD Study) and connectome-wide multilevel modeling, we examined both 
cross-sectional and longitudinal associations across all major resting-state functional network 
connections. We found no evidence for a global association between pubertal timing and rsFC. 
Instead, earlier pubertal timing was linked to heterogeneous, network-specific, and sex-specific 
differences in connectivity. In addition, earlier pubertal timing was associated with higher 
concurrent and subsequent depressive symptoms, consistent with prior findings linking earlier 
pubertal maturation to increased depression risk during adolescence (18–22,29,30,37–39,41). 
However, rsFC did not mediate the association between pubertal timing and later depressive 
symptoms. 
 The pattern of rsFC associations observed indicates that pubertal timing is linked to 
selective differences in connectivity across specific functional systems rather than to a uniform 
shift in connectivity across the connectome. Importantly, this pattern differed by sex. Network-
pair variability in pubertal timing effects was substantially greater in females, indicating stronger 
heterogeneity across networks, whereas in males was smaller, suggesting more limited 
network-specific differences in connectivity related to pubertal timing. This pattern is consistent 
with the earlier pubertal onset and progression in females relative to males (53–55). Within the 
ABCD BL age range (9–11 years), many girls have progressed intro more advanced pubertal 
stages, whereas many boys remain in earlier stages of development (Fig. S4). Consequently, 
pubertal timing may capture more meaningful differences in biological maturation in females, 
while in males it may reflect more limited variability in underlying neuroendocrine processes.  
 Consistent with this interpretation, pubertal timing–rsFC associations were more 
pronounced and reproducible in females, particularly in longitudinal analyses. Although some 
cross-sectional network-pair associations were observed in males, these effects did not persist 
longitudinally, with no stable pubertal timing–rsFCY2 associations detected. This suggests that 
pubertal timing assessed at ages 9–11 may not yet capture the developmental stage at which 
puberty-related differences in brain connectivity become detectable in boys. This aligns with 
developmental evidence indicating that neural and behavioral consequences of pubertal 
maturation often emerge later in males (53–55), potentially shifting detectable brain–puberty 
associations to slightly older ages. 
 In females, earlier pubertal timing was associated with a heterogeneous pattern of 
increases and decreases in rsFC across multiple large-scale functional systems. Negative 
associations were strongest for connections involving the BG, sensory–motor networks (e.g., 
AUD, SML), and association networks (e.g., VAN, SAL), suggesting reduced coupling between 
subcortical systems and distributed cortical networks involved in sensory processing and 
attention in earlier-maturing females relative to their same-age, same-sex peers. In contrast, 
positive associations involved interactions among sensory–motor systems (e.g., SCAN, SML, 
SMD) and association networks (e.g., VAN, FPN, DAN), suggesting stronger coupling between 
sensorimotor and attention systems. These findings are broadly consistent with prior work 
linking earlier pubertal maturation to heterogeneous alterations in large-scale functional 
connectivity, particularly involving subcortical–cortical interactions. For example, Vijayakumar et 
al. reported that pubertal timing was associated with reduced connectivity between limbic and 
striatal regions (i.e., amygdala and hippocampus) and multiple cortical networks, including 
salience-related, sensorimotor, ventral attention, and visual systems (39). More broadly, 
developmental studies suggest that pubertal maturation contributes to reorganization of cortico-
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subcortical connectivity beyond age-related effects (56). Consistent with this, prior work has 
shown both decreases and increases in connectivity between striatal or limbic regions and 
medial prefrontal or cingulate systems (57), with sex-differentiated trajectories such that 
advancing puberty in girls is associated with weaker DMN and DMN–control network 
connectivity, whereas boys show the opposite pattern (58). Together, these findings indicate that 
earlier pubertal timing in females is associated with a heterogeneous reorganization of large-
scale functional brain networks, characterized by both increased and decreased connectivity 
across subcortical, sensory–motor, and association systems. This pattern suggests that earlier 
maturation may accelerate or alter the integration and differentiation of these networks, 
potentially reflecting earlier reorganization of connectivity between subcortical regulatory 
systems and cortical networks involved in attention and sensory processing. 
 In males, pubertal timing–rsFC associations were more limited, less heterogeneous, and 
weaker in magnitude across network pairs than those observed in females. Negative 
associations primarily involved the CEREB and interactions with sensory–motor and visual 
systems, whereas positive associations involved coupling among sensory–motor networks and 
higher-order association systems (e.g., CAN). This more limited pattern is consistent with prior 
developmental work suggesting that puberty-related changes in brain connectivity in boys are 
more circumscribed and centered on cerebellar and sensorimotor systems. Both longitudinal 
and cross-sectional rsFC studies have reported puberty-related changes in cerebellar–striatal 
and sensorimotor connectivity, including sex-moderated increases in putamen integration and 
alterations in cerebellar–sensorimotor hubs (11,56,59). Together, these findings suggest that, in 
males, the influence of pubertal timing on brain connectivity at this age is relatively constrained, 
primarily affecting motor and sensory systems. This pattern may reflect the later progression of 
pubertal maturation in boys, such that large-scale integration across distributed cortical 
networks emerges at later stages of development. 
 In longitudinal analyses, earlier pubertal timing predicted lower rsFCY2 in females after 
adjusting for rsFCBL, indicating that pubertal timing was associated with subsequent changes in 
network organization during early adolescence. Compared with the cross-sectional findings, 
these longitudinal associations involved a smaller subset of network pairs but showed 
consistent effects across cross-validation folds. Notably, most longitudinal associations were 
negative, suggesting a general pattern of reduced connectivity over time among networks 
influenced by earlier pubertal maturation. These effects were concentrated in subcortical 
structures, particularly the BG and THAL, as well as sensory–motor systems and the VAN. 
Earlier pubertal maturation may therefore reflect earlier specialization or differentiation of large-
scale functional brain networks, resulting in reduced connectivity among these systems during 
this developmental period. In contrast, no longitudinal associations between pubertal timing and 
rsFCY2 were detected in males. This absence of effects may reflect the later onset and 
progression of pubertal maturation in boys, such that pubertal timing assessed at ages 9–11 
may capture less meaningful variation in underlying biological maturation and therefore be less 
predictive of subsequent changes in brain connectivity. 
 Consistent with prior research (6,24,36,60–62), earlier pubertal timing was associated 
with higher depressive symptoms both concurrently and longitudinally. Youth who were more 
advanced in pubertal development reported higher depressionBL, and pubertal timing predicted 
increases in depressive symptoms over time after accounting for prior symptom levels. These 
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findings align with a substantial body of work demonstrating that earlier pubertal maturation is a 
robust risk factor for internalizing difficulties during adolescence (6,24,36,60–62). Although 
some studies have reported stronger associations in girls (6,29,63,64), the relationship between 
pubertal timing and depressive symptoms in the present sample did not significantly differ by 
sex. Together, these results reinforce the importance of pubertal timing as a developmental 
factor associated with emerging depressive symptoms during early adolescence. 

Despite the associations between pubertal timing, rsFC, and depressive symptoms, 
rsFCY2 did not mediate the relationship between pubertal timing and later depressive symptoms 
(depressionY3, controlling for depressionY2). These findings differ from those of Vijayakumar et 
al., who reported corticolimbic connectivity as a significant mediator linking pubertal timing and 
depressive symptoms in the ABCD Study (39). Several methodological differences may account 
for this discrepancy. In their study, pubertal timing, rsFC, and depressive symptoms were 
modeled concurrently by combining observations from both BL and Y2 assessments within the 
same analysis. Although this approach increases statistical power, it does not clearly separate 
predictor, mediator, and outcome in time and therefore mixes within- and between-person 
variation, limiting the ability to infer temporally ordered mediation effects. In contrast, the present 
longitudinal framework explicitly orders variables in time and controls for prior levels of rsFC, 
providing a more stringent test of whether pubertal timing predicts subsequent changes in brain 
connectivity that in turn relate to later depressive symptoms. Additionally, the broader age range 
(i.e., 9–11 and 10.5–13.5) in their study extends into slightly later developmental stages, when 
pubertal and neural changes may be more advanced. Finally, their analysis focused on 
corticolimbic connections, whereas the present study examined rsFC across the full 
connectome. While this broader approach enables a more comprehensive assessment of 
network-level associations, it may also be less sensitive to effects that are specific to 
corticolimbic circuits, potentially contributing to differences in observed mediation effects. These 
differences suggest that previously reported mediation effects may partly reflect concurrent 
associations or stable individual differences rather than longitudinal pathways linking pubertal 
timing, brain connectivity, and depressive symptoms during early adolescence. 

The present study is one of the few investigations to examine associations among 
pubertal timing, whole-connectome rsFC, and depression during early adolescence in a large 
longitudinal sample. Nevertheless, some limitations should be considered. First, pubertal timing 
was derived from parent-reported measures rather than hormonal assessments, which may 
introduce measurement imprecision in estimating biological maturation. Future studies 
incorporating hormonal measures or multimodal assessments of pubertal development may 
help refine the characterization of puberty-related neural changes. Second, the age range 
examined here (9–11 years at BL) represents an early stage of pubertal development, 
particularly for males, potentially limiting detection of puberty-related neural changes emerging 
later in adolescence. Extending longitudinal analyses into later adolescent stages will therefore 
be important for determining whether puberty-related differences in brain connectivity become 
more pronounced as maturation progresses. Third, rsFC was examined at the network-pair 
level, which may obscure more localized or region-specific effects of pubertal development. 
Future studies combining network-level and region-level analyses may provide a more detailed 
understanding of how puberty influences functional brain organization. Finally, we did not 
directly examine potential contextual or psychological moderators such as family conflict, peer 
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difficulties, or socioeconomic adversity, or co-occurring internalizing symptoms such as anxiety, 
which may shape how pubertal maturation relates to brain development and mental health risk. 
Future work incorporating such moderators could help identify the conditions under which earlier 
pubertal timing confers greater vulnerability to depression. 

In conclusion, pubertal timing is associated with heterogeneous and sex-differentiated 
patterns of large-scale rsFC during early adolescence. Rather than reflecting a global shift in 
brain connectivity, earlier pubertal maturation was linked to selective differences across specific 
network systems, particularly involving subcortical and sensorimotor circuits in females. 
Although earlier pubertal timing was also associated with higher depressive symptoms, the 
alterations in rsFC alone did not appear to explain this relationship. These findings highlight 
pubertal timing as a key developmental factor shaping early brain functional network 
organization and underscore the need for future longitudinal work to clarify how puberty-related 
neural changes interact with environmental, and psychological factors to influence adolescent 
mental health. 
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