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A B S T R A C T   

Background: Our understanding of the mechanisms relating pubertal timing to mental health problems via brain 
development remains rudimentary. 
Method: Longitudinal data was sourced from ~11,500 children from the Adolescent Brain Cognitive Develop-
ment (ABCD) Study (age 9–13years). We built models of “brain age” and “puberty age” as indices of brain and 
pubertal development. Residuals from these models were used to index individual differences in brain devel-
opment and pubertal timing, respectively. Mixed-effects models were used to investigate associations between 
pubertal timing and regional and global brain development. Mediation models were used to investigate the 
indirect effect of pubertal timing on mental health problems via brain development. 
Results: Earlier pubertal timing was associated with accelerated brain development, particularly of subcortical 
and frontal regions in females and subcortical regions in males. While earlier pubertal timing was associated with 
elevated mental health problems in both sexes, brain age did not predict mental health problems, nor did it 
mediate associations between pubertal timing and mental health problems. 
Conclusion: This study highlights the importance of pubertal timing as a marker associated with brain maturation 
and mental health problems.   

1. Introduction 

Adolescence is characterized by significant biological, social, and 
emotional changes that establish a foundation for adulthood. Crucial 
biological milestones are triggered by the production of pubertal hor-
mones, which lead to physical changes (i.e., gonadal development and 
secondary sexual characteristics such as breast and pubic hair changes) 
and ultimately support reproductive maturation (Sawyer et al., 2018). 
Adolescence is also accompanied by dynamic changes in social and 
emotional functioning. While most are able to navigate these changes 
successfully, it is also a period of increased vulnerability to mental 
health problems (Choudhury, 2010). Crucially, individual differences in 
pubertal maturation have been shown to influence both mental health 
problems and the onset of clinical-level disorders (Ullsperger and 
Nikolas, 2017). Pubertal changes have also been shown to influence the 
developing brain, which represents one potential mechanism that 

confers the development of mental health problems (Vijayakumar et al., 
2018). Indeed, the brain undergoes significant structural changes during 
adolescence, and individual differences in the development of brain 
structure have been shown to predict the severity of mental health 
problems (Cropley et al., 2021; Kaufmann et al., 2019). 

Although adolescents progress through the same stages of puberty, 
there is individual variability in the age of onset and the progression 
through pubertal stages relative to peers of the same sex. This variability 
in pubertal stage at any given age is referred to as ‘pubertal timing’ 
(Byrne et al., 2017). Previous studies have demonstrated that pubertal 
timing is associated with mental health problems and clinical-level 
disorders. However, there have been inconsistent findings regarding 
the nature and direction of these associations due to varied measure-
ments of pubertal timing across studies (Mendle, 2014; Ullsperger and 
Nikolas, 2017). We recently established a new method for calculating 
pubertal timing called ‘puberty age’ (Dehestani et al., 2023, preprint; 
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preprint: https://www.medrxiv.org/content/10.1101/2022.05.13.22 
275069v1), which addresses limitations in existing studies such as the 
use of limited features of puberty and a focus on linear patterns of 
development. Building upon the ‘brain age’ literature, our method uses 
multiple features of puberty, nonlinear modelling, and out of sample 
prediction to increase generalizability of findings. In this approach, a 
supervised machine learning model learns the relationship (accommo-
dating both linear and nonlinear trends) between chronological age and 
multiple pubertal features (physical markers and hormonal levels) in a 
training sample, with the group-level relationship termed ‘puberty age’. 
The fitted model is tested in the new ‘test’ sample to form out-of-sample 
predictions. Further, by subtracting an individual’s chronological age 
from group-level normative ‘puberty age’, we identify their ‘puberty age 
gap’ that reflects pubertal timing for each individual relative to the 
group average. In this normative model, a positive puberty age gap in-
dicates relatively earlier pubertal timing, and a negative puberty age gap 
indicates relatively delayed pubertal timing. We used this technique to 
investigate the association between pubertal timing and mental health 
problems, and findings indicated that a positive puberty age gap (i.e., 
earlier timing) was associated with greater symptoms across most psy-
chopathology domains in males and females during early adolescence 
(Dehestani et al., 2023, preprint). These findings are aligned with the 
“maturation disparity” and “developmental readiness” hypotheses, which 
suggest that the mismatch between physical development and progres-
sion of emotional and cognitive development may increase in those with 
early pubertal timing and result in the development of mental health 
problems (Brooks-Gunn et al., 1985; Petersen et al., 1988). 

One of the mechanisms by which early pubertal timing might 
contribute to mental health problems is via its impact on the developing 
brain. Numerous studies have highlighted the importance of individual 
differences in structural brain maturation for explaining risk for mental 
health problems (Mattoni et al., 2021; Merz et al., 2018; Schmaal et al., 
2016, 2017). While few studies have directly sought to examine the 
relationship between pubertal timing and brain structure, a number of 
studies have begun to tap into these associations through statistical 
modelling approaches (Vijayakumar et al., 2018). Specifically, by con-
trolling for chronological age when examining the association between 
pubertal stage and brain structure, previous research has shown that 
greater stage-for-a-given-age is related to smaller global grey matter 
volume (Bramen et al., 2011). However, a number of null associations 
have also been noted in both females and males (Koolschijn et al., 2014; 
Peper et al., 2009a). At a regional level, most existing studies have 
focused on the prefrontal cortex, generally reporting that greater 
stage-for-a-given-age is associated with smaller structure or thinner 
cortices (in particular the orbitofrontal and anterior cingulate cortices 
(Peper et al., 2009b; Koolschijn et al., 2014)). Associations between 
pubertal stage and subcortical volumes (controlling for age) have also 
been commonly investigated, although results are largely inconsistent, 
and sometimes in opposite directions for males and females (Blanton 
et al., 2012; Hu et al., 2013; Urošević et al., 2014). 

Of note, pubertal stage only captures variation in secondary sexual 
characteristics and cannot capture the initial stages of puberty, when 
underlying hormonal changes are not yet associated with observable 
physical changes (Dorn and Biro, 2011). Some studies have investigated 
the effect of hormone levels on the brain, while similarly accounting for 
confounding effects of age. For example, studies have reported that 
higher levels of hormones-for-a-given-age have a significant negative 
association in females and positive association in males with cortical 
thickness, particularly in prefrontal regions (Bramen et al., 2011). 
Nevertheless, other studies observed no such associations (Koolschijn 
et al., 2014). Additionally, in terms of subcortical regions, levels of 
hormones-for-a-given age have been associated with amygdala but not 
striatal volume (Barth et al., 2015; Brouwer et al., 2015; Neufang et al., 
2009; Peper et al., 2009). Overall, most existing studies have focused on 
a limited number of regions, most commonly the prefrontal cortex and 
subcortex. Given that pubertal hormones are known to affect the 

functioning of a wider set of brain regions (Byrne et al., 2017), there is 
value in assessing associations between differing features of pubertal 
timing and the development of regions across the whole brain. 

Changes in brain structure during adolescence have also been shown 
to relate to mental health problems (Mueller et al., 2013; Sharma et al., 
2013). As mentioned above, ‘brain age’ has gained recent attention as a 
method to examine individual differences in global brain maturity. As 
with our ‘puberty age’ approach, ‘brain age’ is calculated by predicting 
chronological age from multiple brain features measured through neu-
roimaging (such as regional cortical volumes) across individuals, and 
subtracting each individual’s chronological age from group-level ‘brain 
age’ captures their ‘brain age gap’ (Cole and Franke, 2017). A positive 
brain age gap is thought to reflect a relatively older brain for a given age, 
while a negative brain age gap reflects a relatively younger brain. A 
number of studies have examined the relationship between brain age 
gap and mental health problems, with lifespan or adult studies identi-
fying significant associations between brain age gap and psychosis, 
anxiety, and major depressive disorders (Franke and Gaser, 2019). 
While studies are limited and findings mixed in developmental samples, 
there is some indication that positive brain age gap, or more mature 
brain, during adolescence (most likely reflecting a reduction in grey 
matter size within the context of normative patterns of adolescent brain 
development) may also be significantly associated with certain mental 
health problems (Cropley et al., 2021). Moreover, both pubertal timing 
and brain age are considered markers of biological aging and may 
represent similar pathways to adolescent-onset mental health problems 
(Colich et al., 2019). Therefore, investigating the association between 
pubertal timing and brain age gap may help us better understand the 
biological underpinnings of mental health problems. 

The aim of this study was to examine the relationships between 
pubertal timing (i.e., puberty age gap), brain development (i.e., brain 
age gap) and mental health problems. Brain age analyses were con-
ducted at two levels; first at a coarse whole-brain level, and then, further 
teasing apart the influence of different lobes/regions. Based upon prior 
literature that has identified reductions in grey matter size during pu-
berty, it was hypothesized that earlier pubertal timing (i.e., positive 
puberty age gap) would be associated with a more mature brain (i.e., 
positive brain age gap). We also investigated whether brain age gap 
mediates the relationship between puberty age gap and mental health 
problems. We have previously reported positive associations between 
puberty age gap and multiple dimensions of psychopathology (Dehes-
tani et al., 2023, preprint) and expected this relationship to be mediated 
via positive brain age gap. 

2. Method 

The sample was derived from the Adolescent Brain Cognitive 
Development (ABCD) Study, a large population-representative cohort in 
the United States of America. This is an ongoing project that longitu-
dinally follows ~11,500 children (47% females, 9 or 10 years at base-
line) through annual assessment waves. Refer to Garavan et al. (2018) 
for further details on the recruitment protocols. We aimed to study brain 
maturation using a normative modelling approach. We used data from 
release 4.0 of ABCD, which included pubertal and mental health mea-
sures as well as neuroimaging data from baseline and two-year fol-
low-up. In order to capture the widest possible age range, but to avoid 
the potential bias created from longitudinally repeated measures in the 
sample, we randomly selected a single time point from every individual. 
Additionally, we removed participants who had missing data for mea-
sures of puberty, mental health problems, demographic information, or 
grey matter structure. From the remaining sample, we only included 
participants for whom the imaging data was recommended by ABCD 
(abcd_imgincl01, see more details in Supplementary Information [SI], 
Section 1). Further details about the data cleaning process for the sample 
used in the current study (such as removing missing values and cleaning 
hormone data) are found in SI, Section 1. The final sample size for this 
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study was N = 10,167 participants (N = 4894 females) with an age range 
of 9–13. Some analyses only used a subset of this sample, which is 
outlined in detail below. We also utilized the Human Connectome 
Project Development (HCP-D) sample for supplemental analyses (SI, 
Section 7), which includes 652 participants with the age range of 8–22 
years. 

2.1. Measures 

2.1.1. Grey matter structure 
T1-weighted images were acquired using 3 T MRI scanners (Phillips, 

Siemens, or General Electric [GE]). For further details on the imaging 
protocol and the acquisition, refer to Casey et al. (2018). Data processing 
was conducted by the ABCD Data Analysis and Informatics Core. Images 
were processed through Free Surfer 5.3.0 to extract regional estimates of 
structure. The current study used cortical regional estimates of volume, 
thickness and surface area based on the Desikan-Killiany parcellation 
(Alexander et al., 2019) and default subcortical segmentation. Further, 
data was restricted to those recommended by ABCD study quality checks 
(see SI, Section 1). 

2.1.2. Hormones 
Participants provided saliva samples on the day of their MRI 

assessment, which were collected via passive drool. They were assayed 
in duplicate for pubertal hormone levels using Salimetrics enzyme- 
linked immunosorbent assay (ELISA) kits. The current study focused 
on testosterone (T) and dehydroepiandrosterone (DHEA) levels. 
Although estradiol levels were also measured in females, there were 
missing values for approximately 780 participants and thus excluded 
from the analyses. Refer to the SI for further detail on processing of 
hormone data (e.g., accounting for wake-up time, exercising, or 
consuming food and caffeine prior to saliva collection) and calculation 
of a single hormone value from duplicate assays (according to protocols 
outlined by Herting et al. (2021). 

2.1.3. Pubertal developmental scale 
The Pubertal Developmental Scale (PDS; Petersen et al., 1988) was 

used to assess physical changes during puberty, including growth spurt, 
body hair and skin changes for both females and males, breast devel-
opment and menarche for females, and facial hair and voice deepening 
for males. Items were rated on a Likert scale of 1–4, from “has not 
begun” to “seems complete”. The current study utilized parent-report of 
the PDS as it may be more reliable compared to self-report for the age 
range of our sample (Rasmussen et al., 2015). 

2.1.4. Mental health problems 
The parent-reported Child Behaviour Checklist (CBCL; Achenbach 

and Ruffle, 2000) was used to examine mental health problems. The 
current study focused on the externalizing and internalizing problem 
subscales, as well as the overall “total problems” scale. Moreover, we 
repeated analyses with syndrome scales for withdrawn/depressed, so-
matic complaints, anxious/depressed, social problems, thought prob-
lems, attention problems, rule-breaking behavior and aggressive 
behavior as outcome variables. 

2.1.5. Body mass index 
Weight and height were assessed at each wave by researchers, with 

an average height and weight calculated from multiple measurements. 
Using this data, we calculated Body Mass Index (BMI) according to the 
CDC 2000 Growth Charts (Gray et al., 2020). 

2.1.6. Socioeconomic status (SES) 
Socioeconomic status was assessed for each family based on highest 

level of education and mean income of parents (self-reported by 
parents). 

2.1.7. Race/ethnicity 
Race and Ethnicity, divided into five categories: White, Black, His-

panic, Asian, and Other/Multi-race, was reported by parents. 

2.2. Statistical analyses 

We first generated the “brain age” and “puberty age” models, using a 
randomly selected single timepoint for each participant from baseline 
and two-year follow-up waves (as the extended age range captures more 
variance across development and supports improved accuracy of the 
model; de Lange et al., 2022). Next, we examined associations between 
brain age gap and puberty age gap in this dataset. Subsequently, using 
brain age gap and puberty age gap at baseline, mediation models were 
conducted predicting mental health problems at two-year follow-up. 

2.2.1. Brain age 
Brain age was computed by using Support Vector Regression (SVR) 

with a radial basis function (RBF) kernel as a nonlinear supervised 
machine learning approach to predict chronological age from brain 
features including regional cortical thickness, volume, and surface area, 
as well as subcortical volumes. To reduce the number of input model 
features and avoid potential overfitting, we first employed Principal 
Component Analysis (PCA) to identify the first N principal components 
that explained the majority (90%) of individual variations in regional 
brain features (i.e., orthogonal dimensions of brain structure). The 
selected N = 90 components captured 90% of the total variance of all 
input measures (see SI Section 2). Next, the SVR model learned the 
relationship between the principal brain components and chronological 
age. This fitted model was then used to predict chronological age from 
brain components in an independent test sample. The regression to 
mean (RTM) bias-adjusted predictions reflected “brain age” and sub-
tracting chronological age from brain age yielded “brain age gap” for 
each participant. Positive and negative brain age gaps suggest, respec-
tively, an older and younger brain relative to an individual’s chrono-
logical age. two-year follow-up from each participant (N = 10,167 
participants (N = 4894 females)) was randomly selected and used to 
implement the brain age model. Crucially, model training was per-
formed on a “typically developing” group, based on scores in non- 
clinical ranges across the CBCL DSM-5 oriented scales (depression, 
anxiety, somatic, attention-deficit-hyperactivity, oppositional defiant, 
conduct, obsessive-compulsive, sluggish cognitive tempo, and stress) (N 
= 5145 participants (2582 females)). Refer to SI, Section 1 for more 
details. A nested 10-fold cross-validation design such that in every fold, 
90% of the sample was used for training, and the remaining 10% of the 
sample was used for testing as validation process of model in the typi-
cally developing sample. A nested inner loop (10-folds) was used for SVR 
hyperparameter tuning. A group shuffle split was used across the folds 
with family ID as the group indicator to ensure that no two related in-
dividuals were split across train and test sets. This ensures that siblings 
belong either to the train or test set and alleviates any potential impacts 
of familial information on model predictions. Finally, we applied the 
fitted model to the whole sample (i.e., beyond the “typically developing” 
group) to examine the associations with puberty age gap and mental 
health problems. 

Supplemental analyses repeated the brain age model using data from 
Human Connectome Project Development (HCP-D, N = 622 partici-
pants) that covers a wider age range of 8–22 years old. We implemented 
our brain age model on HCP as our training sample and tested the fitted 
model on ABCD. This was undertaken to ensure that the narrow age 
range of the ABCD cohort did not obscure any association between brain 
age gap and our variables of interest. For more details, refer to SI, Sec-
tions 7. 

2.2.2. Puberty age 
We calculated pubertal timing (for males and females separately) 

using the new ‘puberty age’ method proposed in our recent study 
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(Dehestani et al., 2023, preprint). As discussed above, the method 
applied the concepts from the brain age literature to predict chrono-
logical age from pubertal features, including hormones and physical 
changes. Subtracting chronological age from RTM bias-adjusted puberty 
age is referred to as “puberty age gap”. Positive and negative puberty 
age gaps reflect early and late pubertal timing for an individual’s 
chronological age, respectively. Briefly, we used a generalized additive 
model (GAM) within a nested 10-fold cross-validation (trained in 90% of 
the sample and tested in 10% of the remaining sample). Inner loop 
hyperparameter tuning was performed by a grid search for optimal 
regularization penalty on each term. We implemented three different 
methods for calculating puberty age gap: i) hormonal puberty age based 
on hormone levels alone, ii) physical puberty age based on PDS items 
alone, and iii) combined puberty age that incorporates both hormonal 
and physical information. To implement puberty age models, we used 
data from baseline and two-year follow-up and we randomly selected a 
single time point for each participant (N = 10,167 participants (N =
4894 females with each family restricted to either the train or test 
sample. Additionally, we trained our puberty age model on a “typically 
developing” group (i.e., those with scores < 60 on the CBCL DSM-5 
oriented scales; (N = 5145 participants (2582 females)). For further 
details, see (Dehestani et al., 2023, preprint). Finally, we applied the 
fitted model to the whole sample (i.e., beyond the “typically developing” 
group) to examine the associations with brain age gap and mental health 
problems. 

2.2.3. Associations between puberty age gap and brain age gap 
Linear mixed effect (LME) models were used to examine associations 

between puberty age gap and brain age gap cross-sectionally at baseline. 
We randomly sampled one participant from each family ID so as not to 
capture familial/genetic effects. We examined whether puberty age gap 
predicted brain age gap (using Formula 1). Age was modelled as a fixed 
effect and site as a random effect. Models were examined separately in 
males and females and repeated for each of the three versions of puberty 
age gap (i.e., hormonal, physical, and combined puberty age gap). 
Correction for multiple comparisons (across the three puberty age gap 
models) was undertaken at False Discovery Rate (FDR) of 0.05. Sup-
plemental models included the covariates of BMI, race and SES (see 
details in SI, Section 4).  

Brain age gap ~ puberty age gap + Age + (1|multisite)                         (1) 

Although the brain age method narrows the complexity of brain 
features, it might obscure important regional patterns of association 
with puberty. To evaluate the contribution of specific lobes and regions, 
we used a leave-one-lobe/region-out (LOLO or LORO) design (as used in 
previous brain age literature (Rakesh et al., 2021). We first focused on 
lobar contributions and re-trained the brain age model 6 times in a LOLO 
design that removed one specific lobe in each iteration (subcortex, 
insular, temporal, parietal, occipital, and frontal lobes). Next, we 
implemented the same LME models (Formula 1) to examine associations 
between each LOLO brain age gap and puberty age gap. Subtracting the 
previous T-statistic of LME associations between (whole) brain age gap 
with puberty age gap from the T-statistic yielded from LOLO brain age 
gap indexes the relative contribution of each lobe to the global associ-
ation. A greater T-statistic reduction reflects stronger contributions of a 
given lobe. This analysis was also repeated in a LORO design by 
removing each single brain feature (i.e., a specific cortical (cortical 
volume, thickness and area for each region) or subcortical region 
(subcortical volume)) to capture the contribution of each single region 
in the association between puberty age gap and (whole) brain age gap. 

2.2.4. Mediating role of brain age gap in the association between puberty 
age gap and mental health problems 

We examined whether brain age gap (at baseline) mediated the 
relationship between puberty age gap (baseline) and mental health 

problems at two-year follow-up (see Fig. 1). The sample size for this 
analysis was N = 4138 participants (1970 female). Mediation was tested 
using bootstrapped confidence intervals (based on 1000 bootstrapped 
samples), calculated with the “mediation” package in R (Tingley et al., 
2014). Again, we used LME models that modelled age and baseline 
mental health problems as fixed effects and multisite as a random effect. 
The mediation model was comprised of the following paths: 

C represents the direct effect. The mediation (or indirect) effect is 
calculated as A*B> 0. This analysis also controlled for mental health 
problems at baseline. In post-hoc analyses, we examined mediation via 
lobar brain age. Based on our LOLO results, this was limited to subcor-
tical and frontal lobes in females and the subcortical lobe in males. Thus, 
we implemented a subcortical brain age model by only using subcortical 
regions as input features to predict age for females and males; similarly, 
frontal brain age was derived from features of regions in the frontal lobe 
for females. Next, chronological age was subtracted from lobar brain age 
to calculate lobar brain age gap to use in the mediation model explained 
above. This analysis was also repeated with the inclusion of BMI, SES 
and race as a covariate (SI, Sections 5 and 6). 

3. Results 

3.1. Accuracy of brain age and puberty age models 

There was adequate out-of-sample accuracy over 10-fold cross- 
validation of the brain age model (r = 0.47 p < 0.001, MAE = 7.5 
months, see Fig. 2), and similarly the combined puberty age model 
(r = 0.64, p < 0.001, MAE = 7.80 months [females]; r = 0.60, 
p < 0.001, MAE = 8.20 months [males]), physical puberty age model 
(r = 0.61, p < 0.001, MAE = 8.02 months [females]; r = 0.50, 
p < 0.001, MAE = 8.90 months [males]), and hormonal puberty age 
model (r = 0.42, p < 0.001, MAE = 9.04 months [females]; r = 0.51, 
p < 0.001, MAE = 8.80 months [males]). 

3.2. Examining the association between different models of puberty age 
gap and brain age gap 

Analyses revealed a significant association between puberty age gap 
and brain age gap, such that positive puberty age gap was associated 
with positive brain age gap. All three measures of puberty age gap were 
related to brain age gap, but the strongest association was identified for 
physical puberty age gap (in both males and females, see Table 1). Post- 
hoc analyses interrogated regional contributions to the significant 

Fig. 1. Visualisation of the mediation of puberty age gap to mental health 
problems via brain age gap A: brain age gap ~ puberty age gap + age + (1| 
site). B: mental health problems ~ puberty age gap + brain age gap + age 
+ baseline mental health problems + (1| site). C: mental health problems ~ 
puberty age gap + baseline mental health problems + age + (1| site). 
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association between physical puberty age gap and brain age gap. In fe-
males, the greatest reduction in effect size (i.e., T-statistic) was observed 
for the subcortical and frontal lobes, and in males the greatest reduction 
in effect size was observed for the subcortical lobe, indicating the largest 
contribution to associations between physical puberty age gap and 
global brain age (see Fig. 3). The contribution of individual brain regions 
is presented in Fig. 4. 

3.3. Mediation of the association between puberty age gap and mental 
health problems via brain age gap 

Given that physical puberty age gap was most strongly associated 
with brain age gap, mediation models focused on this index of puberty 
age. Analyses failed to identify any significant mediation of the associ-
ation between physical puberty age gap and mental health problems via 
brain age gap, when controlling for baseline mental health problems 
(see Table 2). Supplemental analyses examined these associations 
without controlling for baseline mental health problems (as there was 
little change in mental health problems between baseline and two-year 
follow-up). However these analyses also failed to identify significant 
associations between brain age gap and future mental health problems 
(see Supplementary, Section 5, Table S2). Finally, post-hoc analyses 
failed to identify significant mediation via subcortical and frontal brain 
age in females and subcortical brain age in males (see Supplementary, 
Sections 5 and 6, Table S3,4,5 and 6). 

4. Discussion 

The current study presents a novel investigation of the association 
between pubertal timing, brain development and mental health. Over-
all, our findings indicated positive associations between puberty age gap 
and brain age gap, suggesting that earlier pubertal timing is related to an 
older or more mature brain. While different methods of measuring pu-
bertal timing (i.e., physical, hormonal, and combined multimethod 
measures) were all significantly related to brain structure, the strongest 
association was identified for physical puberty age gap in both males 
and females. Further, the subcortex exhibited the greatest contribution 
to associations between puberty age gap and (global) brain age gap in 
females and males, as well as the frontal lobe in females only. However, 
brain age gap was not associated with mental health problems, and nor 

Fig. 2. Predicted brain age plotted against chronological age. The colors on the 
scatter plot reflect brain age gap with red indicating a positive brain age gap 
and blue indicating a negative brain age gap. 

Table 1 
Association between puberty age gaps and brain age gap.   

Female Male 

T p AIC T p AIC 

Physical puberty age  6.64 < 0.001  26,281.38  3.12 < 0.001  28,977.04 
Combined puberty age  6.51 < 0.001  26,288.83  2.18 < 0.001  28,983.89 
Hormonal puberty age  3.68 < 0.001  26,313.10  0.86 > 0.05  28,990.23 

All p-values are FDR corrected 

Fig. 3. Contribution of each lobe in the association between physical puberty age gap and brain age gap, examined using the leave-one-lobe-out approach. Greater 
reduction in the T-statistic for a given lobe (relative to the “global” brain age) suggests a stronger contribution of this lobe. 
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was it found to mediate the association between puberty age gap and 
mental health problems. 

As hypothesized, we identified positive associations between puberty 

age gap and brain age gap, suggesting more mature brain structure in 
those undergoing earlier pubertal timing. While prior literature has not 
directly examined the association between pubertal timing and brain 

Fig. 4. Contribution of each cortical region and each region of subcortical in both left and right hemispheres in the association between puberty age gap and brain 
age gap, examined using the leave-one-region-out approach. Greater reduction in the T-statistic for a given region (relative to the “global” brain age) suggests a 
stronger contribution of this lobe. 
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age gap, they have reported negative associations between pubertal 
stage-for-age and (global and region) brain structure (Blanton et al., 
2012; Peper et al., 2009b). In other words, earlier pubertal maturation 
has been related to smaller/thinner cortices, given that the normative 
pattern of brain development is typically reflected by decreases in grey 
matter metrics across adolescence (Mills et al., 2016). While most of the 
literature has examined associations within frontal and subcortical re-
gions, some studies have noted associations between pubertal 
stage-for-age and structure within occipital, temporal and parietal lobes 
(Vijayakumar et al., 2018). Our findings may thus reflect diffuse effects 
in the literature, as our brain age model summarizes global maturity 
across all brain regions. Furthermore, prior studies have typically 
investigated pubertal associations with specific morphological mea-
surements such as cortical thickness or surface area, which have been 
shown to be (genetically) independent to one another (Panizzon et al., 
2009). Our brain age model was also able to capture maturity across 
these metrics and can therefore facilitate interpretation about global 
patterns of advanced brain development in those undergoing puberty 
earlier than their peers. 

Our findings revealed that physical puberty age gap had the strongest 
association with brain age gap, relative to pubertal timing models built 
on hormone measures or combined physical and hormonal pubertal 
features. Indeed, previous studies have also reported different patterns 
of association between brain structure and pubertal hormones vs. 
physical development (Peper et al., 2009b; Koolschijn et al., 2014, 
Bramen et al., 2011, 2012). This may be because physical measures of 
puberty capture the cumulative effect of pubertal maturation, including 
observable manifestations of hormonal processes to date. Brain structure 
may be more likely to reflect these cumulative changes than a snapshot 
of hormone levels on a given day. As discussed above, hormone levels 
are also markedly influenced by momentary, non-pubertal factors, 
which may further confound associations with brain structure (Shirtcliff 
et al., 2009). Physical measures may also potentially capture psycho-
social processes, reflecting social and cultural responses and changes to 
children entering puberty (Dorn et al., 2003, 2006; Mendle, 2014), 
which are also known to influence brain structure (McLaughlin et al., 
2019). Interestingly, no significant association was found between pu-
bertal timing calculated from hormones and brain maturity in males, 
suggesting that psychosocial changes may have a stronger effect on 
brain structure, at least in the age range studied. 

Furthermore, we found that associations between pubertal timing 
and global brain age were largely driven by subcortical and frontal lobes 
in females and subcortical regions in males. The role of the subcortex is 
consistent with animal research that highlights the influence of pubertal 
hormones on morphology of the amygdala, hippocampus and striatum, 
due to the prevalence of hormones receptors in these regions and 
accompanying changes in receptor density during puberty (Vijayakumar 
et al., 2018; Schulz et al., 2009; Sisk and Foster, 2004). A considerable 

literature in humans has also noted relationships between pubertal 
maturation and subcortical volumes in both males and females 
(Vijayakumar et al., 2021; Wierenga et al., 2018). The relative impor-
tance of the frontal lobe for females, but not males, may reflect earlier 
maturation of the prefrontal cortex in females during adolescence 
(Koolschijn and Crone, 2013; Lenroot and Giedd, 2010), and it is 
possible this also relates to earlier pubertal maturation in females rela-
tive to males during late childhood and early adolescence (Byrne et al., 
2017). Therefore, an important future direction would be to assess these 
regional contributions at a later age in males. Nonetheless, overall these 
findings broadly support the role of puberty in the maturation of regions 
that support high-order cognitive and socioemotional processes. 

However, we interestingly failed to identify significant associations 
between brain age gap and mental health problems, or significant 
mediation of the association between puberty age gap and mental health 
problems via brain age gap. Thus, although puberty age gap and brain 
age gap are associated, and we have previously reported associations 
between puberty age gap and mental health problems in this cohort 
(Dehestani et al., 2023, preprint), it appears that global brain age may 
not be sensitive to the neurobiological changes that mediate associations 
between pubertal timing and mental health problems. While unex-
pected, prior studies have similarly failed to identify associations be-
tween brain age gap and internalizing (Cropley et al., 2021; Rakesh 
et al., 2021) and externalizing problems (Cropley et al., 2021; Kaufmann 
et al., 2019). Even our measure of regional (lobar) brain age gap was not 
sensitive to any mediation effects, suggesting that perhaps traditional 
measures of regional brain structures with greater specificity (i.e., 
thickness / surface area of specific regions) may represent stronger 
markers of mental health problems. Indeed, other processes that may 
confer vulnerability for mental health problems during puberty, such as 
social and environmental risk factors, are known to have regional effects 
on the brain (McLaughlin et al., 2019) suggesting that greater specificity 
may be required to identify neural markers of mental health problems. 
Future research could therefore consider extending our analyses to 
examine the contribution of specific brain regions. It may also be fruitful 
to examine other features of brain maturity, such as white matter and 
functional connectivity. 

The current study has its strength in the use of a large, openly 
available dataset, enabling assessment and replication with high statis-
tical power. Nevertheless, this study has certain limitations to consider. 
Although we used parent-report of pubertal development, given evi-
dence for validity in this age range, it would be valuable for future 
studies to replicate these results with clinician and/or self-report as-
sessments. Secondly, as the cohort is a community sample, the majority 
of participants exhibited null or very few mental health problems. It 
would be important for future studies to test the efficacy of puberty and 
brain age in predicting more severe cases of mental health problems in 
clinical samples. Moreover, we did not control for menarche or phase of 

Table 2 
Mediating role of brain age gap in the association between physical puberty age gap and mental health problems.   

Females Males 

ACME ADE Total effect ACME ADE Total effect 

Total problem  0.91 < 0.01 < 0.01  0.81  0.99  0.09 
Externalising problem  0.45 < 0.01 < 0.01  0.71  0.71  0.20 
Internalising Problem  0.84 < 0.01 < 0.01  0.60  0.62  0.20 
Withdrawn/Depression  0.09 0.71 0.06  0.76  0.96  0.56 
Anxiety/Depression  0.68 0.08 0.08  0.38  0.70  0.42 
Somatic Complaint  0.81 < 0.01 < 0.01  0.78  0.59  0.11 
Attention problems  0.45 0.61 0.55  0.34  0.77  0.56 
Rule breaking  0.46 < 0.01 < 0.01  0.79  0.56  0.08 
Aggressive behaviours  0.09 < 0.01 < 0.01  0.54  096  0.59 
Thought problems  0.78 0.39 0.36  0.75  0.92  0.27 
Social problems  0.73 < 0.01 < 0.01  0.68  0.68  0.09 

All p values reported after FDR correction. 
ACME = Average Causal Mediation Effect, ADE = Average Direct Effect 
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the menstrual cycle. Most of the sample however, had not undergone 
menarche, and menstrual cycle phase information (for those cycling 
females) was not available. Future research should consider the role of 
these factors in linking pubertal timing with brain development and 
mental health. Although the ABCD study is a unique dataset that has a 
large sample size with relatively rich pubertal information, the age 
range is restricted which may impact the accuracy of normative 
modelling. Finally, our analyses were restricted to late childhood / early 
adolescence, and further associations between brain age gap, puberty 
age gap and mental health problems may be evident in later 
adolescence. 

In conclusion, this study highlighted earlier brain maturity in ado-
lescents undergoing puberty earlier than their peers. We found that 
physical relative to hormonal measures of puberty had stronger associ-
ations with such global patterns of brain maturity. However, these 
global associations did not mediate the relationship between pubertal 
timing and mental health problems, suggesting that greater specificity in 
brain structure may be required to identify markers of mental health. 
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