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A B S T R A C T   

Early adolescence, with the onset of puberty, is an important period when sex differences in anxiety emerge, with 
girls reporting significantly higher anxiety symptoms than boys. This study examined the role of puberty on 
fronto-amygdala functional connectivity and risk of anxiety symptoms in 70 girls (age 11–13) who completed a 
resting state fMRI scan, self-report measures of anxiety symptoms and pubertal status, and provided basal 
testosterone levels (64 girls). Resting state fMRI data were preprocessed using fMRIPrep and connectivity indices 
were extracted from ventromedial prefrontal cortex (vmPFC) and amygdala regions-of-interest. We tested 
moderated mediation models and hypothesized that vmPFC-amygdala would mediate the relation between three 
indices of puberty (testosterone and adrenarcheal/gonadarcheal development) and anxiety, with puberty 
moderating the relation between connectivity and anxiety. Results showed a significant moderation effect of 
testosterone and adrenarcheal development in the right amygdala and a rostral/dorsal area of the vmPFC and of 
gonadarcheal development in the left amygdala and a medial area of the vmPFC on anxiety symptoms. Simple 
slope analyses showed that vmPFC-amygdala connectivity was negatively associated with anxiety only in girls 
more advanced in puberty suggesting that sensitivity to the effects of puberty on fronto-amygdala function could 
contribute to risk for anxiety disorders among adolescent girls.   

1. Introduction 

As children enter adolescence, with the onset of puberty, pivotal sex 
differences emerge in the rise of anxiety symptoms, with girls exhibiting 
significant increases compared to boys (Beesdo-Baum and Knappe, 
2012). This is notable because high levels of anxiety symptoms during 
this developmental period increase risk for anxiety disorders in adult-
hood (Pine et al., 1998), and other psychopathology such as depression 

and suicide (Barzilay et al.; Bittner et al., 2004; Brady and Kendall, 1992; 
Rice et al., 2017), especially in girls (Cole et al., 1998; Costello et al., 
2003; Goodwin et al., 2004; Hale et al., 2009). However, the neuro-
developmental processes underlying the rise in anxiety symptoms in 
adolescent girls remain poorly understood. Some have proposed that 
changes in pubertal hormones play a role in this increased vulnerability 
to anxiety during early adolescence (Reardon et al., 2009) and that this 
could occur via influence of pubertal hormones on brain development 
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(Ladouceur, 2012; Ladouceur et al., 2012; Pfeifer and Allen, 2021). One 
plausible neurodevelopmental pathway for such increased vulnerability 
in girls during this period is through the effects of puberty on 
fronto-amygdala function, which is implicated in emotion regulation 
and anxiety (Phillips et al., 2008; Silvers et al., 2017). 

1.1. Fronto-amygdala circuitry and anxiety in youth 

The amygdala is involved in emotional learning and facilitates 
attention to salient cues (Phelps and LeDoux, 2005). The vmPFC in-
stantiates the regulation of emotions such as fear and anxiety (Etkin 
et al., 2011; Motzkin et al., 2015; Quirk and Beer, 2006; Urry et al., 
2006), and includes the medial structures of the orbital frontal cortex 
(OFC) (BA 10, 11, 12) and rostral anterior cingulate cortex (rACC) (BA 
25, lower 24). Recent neuroimaging work supports evidence from lesion 
and anatomical studies that functional and anatomical subregions of the 
vmPFC may exhibit distinct developmental trajectories (e.g., subcortical 
connections) (Chase et al., 2020). There are direct and reciprocal pro-
jections between these regions and the amygdala (Ghashghaei et al., 
2007), with most of the amygdala-projecting fibers sent to the baso-
lateral subnuclei (Little and Carter, 2013; Quirk et al., 2003). Evidence 
from rodent studies (Quirk and Beer, 2006; Selleck et al., 2018) as well 
as human lesion (Jenkins et al., 2018; Motzkin et al., 2015) and neu-
roimaging studies (Etkin et al., 2011; Ochsner and Gross, 2005; Phillips 
et al., 2008) support the inhibitory role of the vmPFC on amygdala ac-
tivity, including the regulation of physiological signals of arousal (i.e., 
increased skin conductance and heart rate) (Banks et al., 2007; Etkin 
et al., 2011; Hariri et al., 2003; Perlman and Pelphrey, 2010; Phelps 
et al., 2004; Urry et al., 2006). The vmPFC and the amygdala also project 
to other regions implicated in emotion processing and regulation (e.g., 
bed nucleus of the stria terminalis (BNST), anterior insula, brainstem, 
hippocampus, lateral prefrontal cortex) (Myers-Schulz and Koenigs, 
2012; Petrides, 2002) indicating that these regions are embedded within 
several neural networks. 

The function and structure of the vmPFC and the amygdala change 
considerably during late childhood and adolescence (Gotgay et al., 
2007; Guyer et al., 2016; Hare et al., 2008; Somerville et al., 2011; 
Swartz et al., 2014). They also undergo important age-related changes in 
functional connectivity (Casey et al., 2019; Gabard-Durnam et al., 2014; 
Gee et al., 2013; Wu et al., 2016) at rest (Gabard-Durnam et al., 2014; 
Jalbrzikowski et al., 2017) and during the processing of emotional in-
formation (Gee et al., 2013; Gold et al., 2020; Wu et al., 2016). In 
particular, when processing threat, vmPFC-amygdala functional con-
nectivity indices shift from more positive (thought to index less inhibi-
tory processes) in childhood to more negative (more inhibitory) in 
adolescence (Gee et al., 2013; Wu et al., 2016), with the point of change 
occurring in early adolescence (Gabard-Durnam et al., 2014). During 
rest, some have found age-related increases (Gabard-Durnam et al., 
2014) whereas others (Jalbrzikowski et al., 2017) have reported de-
creases in vmPFC-amygdala functional connectivity; discrepancy in 
findings may be attributed to age range, study design (i.e., 
cross-sectional vs. longitudinal) and preprocessing pipelines (Bloom 
et al., 2022). Although resting state and task-related functional con-
nectivity (e.g., psychophysiological interactions (PPI)) are generally 
correlated (Smith et al., 2009), there are important differences of 
interpretation between the two methods, which should be considered as 
complementary (O’Reilly et al., 2012). Nevertheless, given the regula-
tory role of the vmPFC on amygdala activity based on evidence from 
animal models (Quirk and Beer, 2006) and studies in adults (Banks et al., 
2007), findings indicate that vmPFC-amygdala connectivity changes 
during adolescence and have been interpreted as reflecting increases in 
regulatory control of amygdala. 

Altered regulatory control of vmPFC on the amygdala is thought to 
contribute to anxiety symptoms (Blackford and Pine, 2012; Madonna 
et al., 2019). Indeed, one of the most consistent findings in youth with 
anxiety, compared to youth without anxiety, is heightened amygdala 

activation (Blackford and Pine, 2012; Britton et al., 2010; Monk et al., 
2008) and reduced fronto-amygdala connectivity to threat-related 
stimuli (Blackford and Pine, 2012; Monk et al., 2008; Strawn et al., 
2012). Such patterns of fronto-amygdala functioning have also been 
found in at-risk youth (Abend et al., 2020; Sequeira et al., 2021) and 
linked to negative attentional biases and maladaptive emotion regula-
tion strategies in the real-world (Price et al., 2016; Sequeira et al., 2021). 
Some have reported alterations in age-related vmPFC-amygdala resting 
state functional and structural connectivity associated with higher levels 
of anxiety and depressive symptoms in a longitudinal study with a 
community sample of 10–25 year-olds (Jalbrzikowski et al., 2017). Yet, 
the neurodevelopmental processes that contribute to vulnerability to 
anxiety symptoms during early adolescence, particularly in girls, remain 
unclear. We propose that puberty-related influences on fronto-amygdala 
connectivity could be one pathway by which girls become at increased 
risk for anxiety disorders during early adolescence. 

1.2. Puberty, fronto-amygdala function, and anxiety 

Puberty is characterized by the development of secondary sexual 
characteristics and attainment of reproductive capacity along two axes 
governed by separate mechanisms – adrenarcheal and gonadarcheal 
processes – that vary in age of onset and maturation rate (Dorn et al., 
2006). Pubertal changes along the adrenarcheal axis begin around five 
to seven years of age and are characterized by the release of adrenal 
hormones (DHEA and testosterone) and physical changes such as 
changes in body odor, growth of pubic hair, and appearance of acne 
(Byrne et al., 2017). Changes along the gonadarcheal axis, which typi-
cally follow but overlap with those along the adrenarcheal axis, are 
associated with maturation of primary and secondary sexual charac-
teristics (e.g., breast and genital development) driven by production of 
gonadal steroid hormones (testosterone and estradiol). Recent evidence 
indicates that pubertal hormones have organizing effects on the brain 
(Goddings et al., 2014; Herting and Sowell, 2017; Piekarski et al., 2017; 
Sisk and Zehr, 2005) and that pubertal timing could thus directly in-
fluence subsequent neurodevelopment. 

There is growing evidence that individual variation in adrenarcheal 
and gonadarcheal processes are associated with symptoms of anxiety, 
with some evidence finding that earlier pubertal timing is associated 
with higher symptoms (Reardon et al., 2009) and that these associations 
may be mediated by hormonal effects on brain development (Juraska 
et al., 2013; Murray et al., 2016; Sisk and Foster, 2004; Sisk and Zehr, 
2005). For instance, recent work suggests that early adrenarcheal timing 
may be linked to heightened anxiety (Barendse et al., 2018) via a more 
positive (or less mature) amygdala to inferior frontal cortex functional 
connectivity when viewing fearful (vs. calm) faces (Barendse et al., 
2020). Indeed, given the high density of androgen and estrogen re-
ceptors in medial temporal regions (Sarkey et al., 2008; Simerly et al., 
1990) (e.g., amygdala, prefrontal cortex) (Pfaff and Keiner, 1973; Sim-
erly et al., 1990), the functioning of these neural regions may be directly 
influenced by changes in hormone levels with pubertal maturation. The 
modulating effects of testosterone on fronto-amygdala functional con-
nectivity is evident from testosterone administration studies in adults 
demonstrating that higher levels of serum testosterone correlated posi-
tively with amygdala response to negative faces (Hermans et al., 2008; 
Van Wingen et al., 2010) and negatively with fronto-amygdala coupling 
(Van Wingen et al., 2010). In adolescents, increases in circulating 
testosterone over two years was associated with reductions in 
OFC-amygdala coupling to negative faces (Spielberg et al., 2015). 
Together, these findings suggest that earlier pubertal timing could lead 
to a rise in anxiety symptoms and that this relationship may be mediated 
by the effects of increases in pubertal hormones (i.e., testosterone) on 
vmPFC-amygdala resting state functional connectivity (i.e., reduced 
coupling). However, the rise in anxiety symptoms during this develop-
mental period could also be linked to heightened sensitivity of the 
modulatory effects of pubertal hormones on the innervation of the 
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amygdala to the prefrontal cortex (Delevich et al., 2021; Piekarski et al., 
2017). Individual variation in neurobehavioral sensitivity to changes in 
levels of pubertal hormones at the receptor level has been proposed as a 
potential contributing factor to hormone-related psychopathology in 
adulthood (e.g., postpartum or postmenopausal depression) (Rubinow 
and Schmidt, 2019). Thus, it is possible that some girls may be partic-
ularly sensitive to the modulatory effects of testosterone on 
fronto-amygdala function (Spielberg et al., 2015; Spielberg et al., 2019). 
In this case, levels of testosterone would play a moderating role in the 
association between fronto-amygdala functional connectivity and anxi-
ety symptoms such that reduced connectivity would be associated with 
higher levels of symptoms in girls more advanced in pubertal maturation 
or who have higher levels of testosterone. Finally, higher anxiety 
symptoms associated with earlier pubertal timing could also be linked to 
alterations in girls’ behaviors or those around them (e.g., peers, parents) 
given evidence that girls who self-report being more advanced in pu-
bertal status reported higher levels of internalizing symptoms (Barendse 
et al., 2022). However, to what extent such behavioral alterations and 
social experiences in girls perceived as more pubertally mature is asso-
ciated with vmPFC-amygdala connectivity and anxiety symptoms re-
mains unclear. 

1.3. Goal of the study and hypotheses 

The current study tested the following primary hypotheses using a 
moderated-mediation model in a sample of early-adolescent girls vary-
ing in temperamental risk for anxiety disorders. The use of a moderated- 
mediation model afforded the possibility of testing both the mediating 
and moderating relationships between testosterone/pubertal develop-
ment, vmPFC-amygdala functional connectivity, and anxiety symptoms. 
First, we hypothesized that levels of testosterone would moderate the 
relation between vmPFC-amygdala resting state functional connectivity 
and anxiety symptoms such that reduced vmPFC-amygdala functional 
connectivity would be associated with higher anxiety symptoms, 
particularly in girls with higher levels of testosterone. We also hypoth-
esized that pubertal status would play a moderating role in the relation 
between vmPFC-amygdala connectivity and anxiety symptoms such that 
reduced functional connectivity would be associated with higher anxiety 
symptoms in girls more advanced in self-reported pubertal status, 
particularly in adrenarcheal processes related to the rise in testosterone 
in girls (Byrne et al., 2017). In both cases, we also hypothesized the 
vmPFC-amygdala connectivity would mediate the relations between 
testosterone/pubertal development and anxiety symptoms. Finally, our 
mediated moderation models included ‘age’ as a covariate to ensure that 
developmental effects were specific to puberty and not to effects of 
chronological age. Given the paucity of research on puberty-related 
influences on fronto-amygdala circuitry, we used a vmPFC parcella-
tion to explore which subregions of the vmPFC would be related to tes-
tosterone/pubertal development and anxiety symptoms. 

2. Methods 

2.1. Participants 

The data from a total of 70 participants was used in the reported 
analyses. Here we describe the process of how those 70 participants 
were derived from the larger sample. 

The overall sample consisted of 129 early adolescent girls ages 11–13 
who were recruited for participation in the study via online advertise-
ments and flyers in the community. Recruitment of participants was 
based on parent’s report of their child’s sex assigned at birth; gender 
identity was not assessed at intake. The current study is part of a larger 
longitudinal study investigating how social threat sensitivity in early 
adolescence confers risk for social anxiety and depression in mid- to late- 
adolescence. Thus, recruitment was based on oversampling for shy/ 
fearful temperament, which is a risk factor for social anxiety disorder 

into adolescence and adulthood (Chronis-Tuscano et al., 2009). 
Temperament was assessed using online screening form prior to par-
ticipants’ first visit using the Early Adolescent Temperament 
Questionnaire-Revised (EATQ-R; Ellis and Rothbart, 2001). The EATQ-R 
was designed to measure temperament traits in early adolescence (ages 
9–15), with items specific to adolescent life experiences. To determine 
temperament status, participants were compared against established 
distribution scores of the EATQ-R shyness and fear scales (Ellis and 
Rothbart, 2001). The sample was stratified such that approximately 2/3 
of participants (n = 85) scored > 0.75 SDs above the mean on the parent- 
or adolescent-rated fearfulness (3.12 for parent-report, 3.48 for 
adolescent-report) or shyness scales (2.99 for parent-report, 3.16 for 
adolescent-report). All other participants (n = 44) scored below this 
cut-off and were within the normative range of shy/fearful tempera-
ment. Because stratification based on temperament measures was used 
to increase variability in social threat as part of the aims of the larger 
study, we do not report on potential individual differences related to 
temperament. 

Exclusion criteria included: meeting DSM-5 criteria for a current or 
lifetime diagnosis of any anxiety disorder (except for specific phobia), 
obsessive-compulsive disorder, post-traumatic stress disorder, major 
depressive disorder, or any psychotic or autism spectrum disorder, as 
determined by the Kiddie-Schedule for Affective Disorders and Schizo-
phrenia (KSADS-PL; Kaufman et al., 2016); IQ lower than 70, as assessed 
using the Wechsler Abbreviated Scale of Intelligence (WASI; Wechsler, 
1999); a lifetime presence of a neurological or serious medical condi-
tion; the presence of any MRI contraindications; presence of head injury 
or congenital neurological anomalies (based on parent report); acute 
suicidality; and taking medications that affect the central nervous sys-
tem and hormonal function (e.g., selective serotonin reuptake inhibitors, 
steroid medication). Stimulants were permitted if use was discontinued 
for 36 h prior to the scan. 

Data for the current analysis focused on the baseline assessment and 
included participants according to the following criteria: good quality 
resting state fMRI data (see below for criteria), salivary assays to index 
basal levels of testosterone, and self-report measures of pubertal status 
anxiety symptoms per the Screen for Child Anxiety Related Emotional 
Disorders (Birmaher et al., 1997). From the 129 participants, 90 
completed resting state scans at baseline. Of these 90 participants, 89 
had Pubertal Development Scale (PDS) score and 83 had hormone data. 
Resting state scans of 18 participants were excluded due to excess mo-
tion (see below) and one was excluded due to an incidental finding. 

Thus, a total of 70 participants (42 high in shy/fearful temperament; 
age: M = 12.30, SD =0.79) were included in the analysis linking resting- 
state fronto-amygdala functional connectivity, anxiety symptoms, and at 
least one measure of puberty. Out of those 70 participants, 64 had 
hormone data. See Table 1 for sample characteristics. 

2.2. Procedure 

The study was approved by the University of Pittsburgh Human 
Research Protection Office. The study occurred in three visits to the lab. 
During their first visit to the lab, parents provided informed consent and 
youth provided informed assent to acknowledge their voluntary agree-
ment to participate in the study. Following informed consent, partici-
pants completed the screening procedures that included administration 
of two subtests of the WASI (Vocabulary and Matrix Reasoning) and the 
KSADS-PL with the participant and the parent about their child. Par-
ticipants completed the neuroimaging protocol during Visit 3 (generally 
2 weeks following Visit 2 and they completed the questionnaires online 
using Qualtrics during Visit 2 (generally 2 weeks following Visit 1) or at 
home within 2 weeks of Visit 1. Participants were compensated for their 
time in the study. 
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2.3. Measures 

2.3.1. Risk status at recruitment 
Risk status was assessed using the EATQ-R (Ellis and Rothbart, 

2001). The EATQ-R consists of 12 scales. The current study examined 
only the shyness and fearfulness scales. Both parent-report and partici-
pant self-report scores on the EATQ-R shyness and fear scales were 
considered to determine risk-status (either “high-risk” or “low-risk”). 
For the full sample (n = 129), internal consistency for the EATQ-R 
shyness scale was moderate for adolescent self-report (Cronbach’s α 
= 0.75) and high for parent report (α = 0.85). Internal consistency for 
the EATQ-R fear scale was low for adolescent self-report (α = 0.47) and 
parent report (α = 0.66). 

To determine risk-status, participants were compared against 
established distribution scores of the EATQ-R (Ellis and Rothbart, 2001). 
Participants with a score more than 0.75 SDs above the established mean 
on the fear or shyness scales on either child or parent report were 
accepted into the study as part of the high-risk group, and participants 
with a score less than 0.75 SDs above the mean on the fear and shyness 
scales were accepted as part of the low-risk group. 

2.3.2. Demographic variables 
See Table 1 for descriptive information about the sample. Distribu-

tion of PDS scores and testosterone levels can be found in the Supple-
mental Materials (see Figs. S1 a-c and Fig. S2). 

2.3.3. Pubertal development 
Perceived pubertal status. Participants reported their perceived pu-

bertal development using the Pubertal Development Scale (PDS) 
(Petersen et al., 1988). The PDS includes items that assess physiological 
changes in body hair, skin, and height. The female version includes 
additional items pertaining to breast development and menstruation 
whereas the male version includes items about facial hair growth and 
voice change. Each item has four response options ranging from 1 = not 
yet started to 4 = seems complete. The response option for the item 
about menstruation was 0 = no, 1 = yes. The PDS has good internal 
consistency (Cronbach’s α = 0.91–0.96) and test-retest reliability (ICC =
0.81–0.93). A scoring algorithm converts the PDS to the Tanner metric 
(1− 5), and provides a sensitive way to differentiate between adre-
narcheal and gonadarcheal physical changes, respectively (Shirtcliff 
et al., 2009). Three scores were computed: an overall PDS score (PDSS), 
an adrenarcheal development score (PDSA), and gonadarcheal devel-
opment score (PDSG). 

Testosterone. Circulating levels of testosterone were assessed using 
salivary assays with commercially available immunoassays from Sali-
metrics LLC published protocols. During their initial visit in the lab, 
participants and their parents were provided with instructions for saliva 
collection, storage, and shipping protocols as well as home saliva 
collection kits, which included a cardboard box that contained four pre- 
labeled vials, a saliva collection diary, an ice pack, and a plastic bag. 
Participants provided saliva samples at home immediately upon awak-
ening (typically between 7 am and 9 am) on 4 separate days over a four- 
week period (one sample per week) following the initial visit. The 
duration of 4 weeks was requested to minimize the influence of men-
strual cyclicality because pubertal hormones cycle even in pre-
menarcheal girls (Biro et al., 2014). The four saliva samples were 
collected approximately within 6 weeks of the MRI scan. Participants 
expectorated approximately 1.8 ml of saliva via passive drool into a 2 ml 
cryovial using short straws. To prevent (blood) contamination of the 
saliva samples, participants were asked to avoid (1) brushing their teeth 
or eating a major meal for at least 1 h prior to collection, (2) eating 
anything acidic or high-sugar within 20 min before collection, and (3) 
consuming something that stimulated the production of saliva (e.g., 
chewing gum). They were also asked to rinse their mouth with water 
about 10 min prior to collection. Participants then completed a brief 
saliva diary. With supervision from parents, participants were instructed 
to store the samples in their home-freezer immediately upon collection 
and then to return the vials, on ice-packs to minimize freeze-thaw cycles, 
at the visit. 

Saliva samples were stored in an ultra-cold − 80◦C freezer. Samples 
were batch shipped overnight on dry ice to the Stress Physiology 
Investigative Team laboratory and remained frozen at − 80◦C until the 
day of assay. Commercially available and well-validated salivary 
enzyme-immunoassays kits (www.salimetrics.com) were used for each 
respective hormone. Samples were assayed in duplicate and values that 
disagreed by more than Optical Density coefficient of variation (CV)=
10% were re-run. The averaged intra-assay CV was M= 1.20, SD= 0.23. 
All hormones for a participant were assayed on the same day to mini-
mize freeze-thaw cycles, and all samples from a participant were assayed 
on the same plate to minimize variation in hormone concentrations 
across plates. The average inter-assay CVs across plates was 17.26. As 
expected, the distributions of hormones were positively skewed, with 
skewness of 7.16 (SE=1.57). Therefore, hormones over 2.5 SD of the 
sample mean (< 1.96%), were winsorized to 2.5 SD values, and then 
scores were log-transformed, as is common in prior literature (Dismukes 
et al., 2015). Few samples (n = 13) were below the level of detection of 
the assay and 3 were excluded for having low levels of testosterone for 
all four samples. 

To derive a single basal score, we extracted Empirical Bayesian (EB) 
estimation scores using Hierarchical Linear Modeling (HLM™ v.7, Sci-
entific Software International, Inc.). Prior research (Ladouceur et al., 
2019; Shirtcliff and Ruttle, 2010) has demonstrated that use of EB 

Table 1 
Descriptive statistics for sample demographics, pubertal development, and 
questionnaire measures.  

Characteristic Statistics 

Age, mean (SD) 12.30 (0.79) 
Sex, n (%)  

Female 
70 (100%) 

SES, n (%)  
$0 - $10,000  
$10,001 - $20,000  
$30,001 - $40,000  
$40,001 - $50,000  
$50,001 - $60,000  
$60,001 - $70,000  
$70,001 - $80,000  
$80,001 - $90,000  
$90,001 - $100,000  
$100,000 +
N/A 

1 (1.4%) 
1 (1.4%) 
6 (8.6%) 
6 (8.6%) 
4 (5.7%) 
5 (7.1%) 
7 (10.0%) 
4 (5.7%) 
7 (10.0%) 
27 (38.6%) 
2 (2.9%) 

Race, n (%)  
Asian  
Biracial  
Black, not Hispanic  
Other  
White, not Hispanic 

1 (1.4%) 
6 (8.6%) 
10 (14.3%) 
2 (2.9%) 
51 (72.9%) 

Ethnicity, n (%)  
Hispanic  
Non-Hispanic  
N/A 

4 (5.7%) 
58 (82.9%) 
8 (11.4%) 

Puberty, mean (sd)  
Adrenarcheal and  
Gonadarcheal (PDSS)  
Adrenarcheal (PDSA)  
Gonadarcheal (PDSG) 

3.25 (0.86) 
3.26 (1.13) 
3.23 (0.76) 

Testosterone (pg/ml), mean (SD) 3.82 (0.35) 
SCARED-C, mean (SD) 15.92 (11.26) 
BMI, mean (SD) 19.69 (3.82) 
Mean FD, mean (SD) [range] 0.22 (0.10) [0.08–0.54] 
% Timepoints Removed, mean (SD) 0.26 (0.19) 

Note: SD = standard deviation; SES = Socio-demographic status (i.e., parent- 
reported family income); PDSS = Pubertal Development Scale total score; 
PDSA = Pubertal Development Scale adrenarcheal score; PDSG = Pubertal 
Development Scale gonardarcheal score; SCARED-C = Screen for Child Anxiety- 
Related Emotional Disorders – Child report; BMI = Body Mass Index. FD =
Framewise Displacement 
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estimates increases reliability of salivary hormones. The EB estimates 
“shrink” the basal scores toward the individual (level 1) and population 
mean (level 2), thereby minimizing the influence of a particularly high 
or low sample without excluding the data. The intra-class correlation 
(ICC), which was computed to describe fluctuation of hormone levels 
over the four weeks, shows that 61% of the total variance is shared 
across the four samples, suggesting moderate stability in testosterone 
levels across weeks. Finally, 64 out of the 70 subjects had valid testos-
terone data. 

2.3.4. Clinical assessments 
The K-SADS-PL (parent and child interviews; Kaufman et al., 2016) 

was administered to each participant and her primary caregiver sepa-
rately by trained interviewers (master’s/doctoral level clinicians) to 
determine current and past DSM-5 diagnoses for each participant for 
eligibility purposes. The Screen for Child Anxiety-Related Emotional 
Disorders (SCARED; Birmaher et al., 1999) was used to assess child 
symptoms of anxiety. The SCARED included 41-items whereby partici-
pants respond to each item using a 3-point Likert scale (0: almost never, 
1: sometimes, 2: often). 

2.3.5. fMRI acquisition 
Neuroimaging data were acquired using a 3 Tesla Siemens Prisma 

magnet with a 64-channel phase array coil. Anatomical images covering 
the entire brain were acquired first using a three-dimension magneti-
zation-prepared rapid gradient-echo T1-weighted sequence (repetition 
time [TR]: 2300 ms, echo time [TE]: 3.93 ms, flip angle: 9◦, inversion 
time [TI]: 900 ms, field of view: 256 × 256 mm, 256 slices, voxel size: 1 
mm3). Participants completed two fMRI tasks designed to examine 
neural substrates of social threat processing, a reward-processing task, 
and two 6-minute resting state sessions during which they were 
instructed to look at a fixation cross in the middle of the screen. Task 
stimuli were projected onto a color, high-resolution LCD screen in front 
of the scanner bed and viewed in a mirror mounted on the head coil. 
Head movement was constrained by foam padding. Functional images 
were acquired using a multiband gradient-echo T2 * -weighted EPI 
sequence (multiband acceleration factor: 3, 60 slices, TR: 1500 ms, TE: 
30 ms, flip angle: 55◦, echo spacing: 0.60 ms, field of view: 221 × 221 
×138 mm, voxel dimensions: 2.3 mm × 2.3 mm×2.3 mm). Field maps 
were acquired using gradient echo planar imaging sequence for 
correction of field distortions in the functional images with the following 
parameters: TR: 590 ms, TE1: 4.92 ms, TE2: 7.38 ms, voxel size: 2.3 ×
2.3 × 2.3 mm, flip angle: 60◦. 

2.4. fMRI processing 

fMRI data were preprocessed using fMRIPrep (v1.5.3; Esteban et al., 
2019), which includes EPI to T1w coregistration, susceptibility artifact 
correction, normalization to MNI space, and estimation of motion pa-
rameters. Details can be found in the Supplemental Materials. Following 
minimal preprocessing, several additional processing steps were 
applied. Following functional connectivity (FC) processing guidelines 
(Ciric et al., 2017), 36 parameter nuisance regression (6 degrees of 
motion, global signal, white matter and CSF, with temporal, quadratic, 
and quadratic temporal derivatives) along with high-pass spectral 
filtering at 0.008 mHz were applied. Bandpass filtering was also applied 
to the regressor matrix as recommended (Hallquist et al., 2013). 
Framewise displacement (FD; Power et al., 2012) was used as a measure 
of motion contamination of individual volumes. Volumes with FD 
greater than 0.3 were removed, as were volumes immediately adjacent 
to contaminated volumes. To combine scrubbing and spectral filtering, 
spectral interpolation based on the XCP pipeline (Ćirić et al., 2020) was 
used. All postprocessing steps were implemented using a customized 
processing pipeline (clpipe; Henry et al., 2020). Additionally, scans that 
exceed a mean FD of 0.6 or lost more than 40% of available volumes due 
to removal, were excluded from subsequent analyses. 

2.4.1. Regions-of-interest (ROI) mask and extraction 
The set of ROIs used to characterize both the vmPFC and the bilateral 

amygdala was constructed by combining the 6 ROI vmPFC parcellation 
from Chase et al. (2020) (Chase et al., 2020) with the right and left 
amygdala ROIs of the AAL3 atlas (Rolls et al., 2020). The 6 ROI vmPFC 
parcellation is a functional parcellation of the vmPFC based on a 
meta-analysis of both task and resting state studies contained in the 
BrainMap database (Fox and Lancaster, 2002). 

Dividing the vmPFC into these subregions allows for more specificity 
in analyzing the vmPFC-amygdala connectivity characteristics than 
keeping the vmPFC as a single larger ROI. The amygdala ROIs are 
anatomically defined. Fig. 1 shows the ROI mask overlayed on the 
standard MNI anatomical image. Voxels within each ROI were averaged 
to form 8 total ROI timeseries for each participant. These timeseries 
were detrended and standardized to a mean of 0 and a standard devia-
tion of 1. 

2.4.2. Susceptibility artifacts and data loss 
Due to dropout caused by the sinus cavities, 50% of our sample had 2 

unusable vmPFC ROIs (ROIs 1 and 6); these were the most ventral, and 
therefore closest to the air cavities of the sinuses. Because of the amount 
of data loss, we did not examine the connectivity between these ROIs 
and the bilateral amygdala ROIs. We did include ROI 1 and ROI 6, when 
available, in the computation of the partial correlations for other ROIs. 

2.5. Statistical analyses 

2.5.1. Functional connectivity using partial correlations 
The functional connectivity between two ROIs was operationalized 

as the lag-0 partial correlation. Partial correlations control for the con-
founding relations between other variables in the analysis, and func-
tional connectivity measured with these correlations can be interpreted 
as the relation unique to the two ROIs in question. Partial correlations 
were Fisher Z transformed before subsequent analyses. 

2.5.2. Moderated mediation 
To examine how both testosterone and pubertal development 

(adrenarcheal and gonadarcheal processes) are related to anxiety 
symptoms via the vmPFC-amygdala resting state functional connectiv-
ity, as well as how testosterone and pubertal development could mod-
erate the relation between vmPFC-amygdala connectivity and anxiety 
symptoms, we used moderated mediation models (Preacher et al., 2007) 
as depicted in Fig. 2. 

The moderated mediation model proposed is like a standard three- 
variable mediation model, but also allows for testosterone or adre-
narcheal development or gonadarcheal development to moderate the 
relation between vmPFC-amygdala connectivity and anxiety symptoms. 
This allows one to examine how different levels of testosterone or pu-
bertal development impact the direct relation between vmPFC- 
amygdala connectivity and anxiety symptoms, as well as how the indi-
rect relation from testosterone or pubertal development is self- 
moderated by testosterone or adrenarcheal development or gona-
darcheal development, respectively.6 All models controlled for age. 
Additionally, a series of sensitivity analyses were performed and are 
presented in the Supplemental Materials. These include analyses 

6 Regarding the use of mediation on this cross-sectional data, it is important 
to note that we do not have a true experimental design nor temporal precedence 
at the correct timescale to help infer the direction of the effects and as such, we 
must rely upon the theoretical position that puberty to brain to anxiety 
symptoms is a reasonable causal structure here. However, it is likely that the 
statistical association between our variables of interest are in part due to other 
causal mechanisms, such as anxiety impacting development or functional 
connectivity. Thus, it is recommended to avoid drawing causal conclusions 
from the current findings. 
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controlling for in-scanner motion, analyses examining the change in 
inference when ROI 1 and 6 were not considered for any participant 
when calculating partial correlations, and analyses using a moderation 
only model. These sensitivity analyses are discussed at the end of the 
results section below. 

Thus, 24 models were fit (8 vmPFC-amygdala connectivity variables 
with testosterone or adrenarcheal or gonadarcheal processes). To allow 
for comparability between models, all variables were Z-scored before 
models were fit. As the moderating effect of testosterone or pubertal 
development (adrenarcheal or gonadarcheal) is of primary interest, we 
present and report only those models with a significant moderating ef-
fect. Other fit models are available in the Supplemental Materials. All 
models are fit in R (R CoreTeam, 2019) using the lavaan package 
(Rosseel, 2012). Importantly, due to the exploratory nature of these 
analyses and the moderately-sized sample, multiple comparison cor-
rections were not applied. This limitation is discussed in the Discussion. 

3. Results 

3.1. Descriptive statistics 

Descriptive statistics for the current sample are displayed in Table 1. 

3.2. Moderation-mediation models 

Two models contained a significant moderating effect for vmPFC ROI 
3 – Right Amygdala: one for testosterone and one for adrenarcheal 
processes (see Fig. 3A). One model for gonadarcheal processes showed a 

significant moderating effect on vmPFC ROI 2 – Left Amygdala (see  
Fig. 4A). Figs. 3–4 show the path diagrams for these models along with 
effect estimates, simple slopes, and indicators of statistical significance. 
Full outputs for these models are available in the Supplemental 
Materials. 

For models with testosterone levels and those with adrenarcheal 
development scores, high levels of testosterone or more advanced 
adrenarcheal development serve to potentiate the negative relation 
between vmPFC ROI 3 – Right Amygdala connectivity on anxiety, as 
evidenced by significant moderation effects (Testosterone: β = − 0.269,
SE = 0.117, p < .05; Adrenarcheal Development: β = − 0.256, SE =

0.116,p < .05). Simple slope analysis revealed that stronger vmPFC ROI 
3 – Right Amygdala connectivity was associated with fewer anxiety 
symptoms either at elevated levels of testosterone or more advanced 
adrenarcheal development (Simple slopes for Testosterone: β = −

0.373, SE = 0.170, p < .05; Adrenarcheal Development: β = − 0.431,
SE = 0.167, p < .05). In addition, there was a marginal direct effect of 
testosterone on vmPFC ROI 3 – Right Amygdala connectivity (β = −

0.226,SE = 0.122,p = .063). 
As depicted in Fig. 4, we also found a significant moderated media-

tion model for gonadarcheal development where more advanced 
development moderated the relation between vmPFC R01 2 – Left 
Amygdala connectivity and anxiety symptoms (β = − 0.249, SE =

0.121,p < .05). Simple slopes analysis revealed, as with the testosterone 
and adrenarcheal development models, that stronger vmPFC R0I 2 – Left 
Amygdala connectivity was associated with fewer anxiety symptoms at 
more advanced gonadarcheal development ( +

1SDGonadarcheal Development : β = − 0.249,SE = 0.171,p < .05). 

3.3. Sensitivity analyses 

All supplementary analyses are presented in the Supplemental Ma-
terials, and the overall findings (and how they compare to the reported 
findings) are briefly discussed here. An analysis of how in-scanner mo-
tion (as FD) relates to our primary variables of interest showed that FD 
was significantly correlated with ROI 3 - R Amygdala connectivity 
(implicated in testosterone and adrenarcheal processes). Refitting the 
models while controlling for mean FD showed the same pattern of sig-
nificant findings with minimal change in either the effect estimates or 
standard errors, suggesting that in-scanner motion is not confounding 
our relations of interest. 

Next, models, which made use of partial correlations calculated 
without ROI 1 or ROI 6 for the entire sample, were fit to test the 
sensitivity of our inference to the mixed nature of the sample. Not 
controlling for ROI 1 and ROI 6 in half the sample led to an attenuation 

Fig. 1. Region-of-interest mask of the ventromedial prefrontal cortex (ROI 1–6) and the amygdala (ROI 7 and 8) overlayed on the standard Montreal Neurological 
Institute (MNI) anatomical image. 

Fig. 2. Moderated Mediation Model Path Diagram. Boxes represent observed 
variables and arrow indicate a directed linear relation. Separate models were 
computed with testosterone, adrenarcheal processes assessed using the Pubertal 
Development Scale (PDS) adrenarche composite score, and gonadarcheal pro-
cesses assessed using the PDS gonadarche composite score. 
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of all significant effect estimates such that the moderating effect of 
testosterone (on the relation between ROI 3 - R Amygdala connectivity 
and anxiety) and the moderating effect of gonadarcheal development 
(on the relation between ROI 2 – L Amyg connectivity to anxiety) 
remained significant. The significant moderating relation of adre-
narcheal development (on the relation between ROI 3 - R Amygdala 
connectivity and anxiety) became marginally significant. This pattern of 

attenuation (rather than exaggeration) in the effect size estimates and 
increases in the effect size standard errors is due to not using available 
ROI 1 and 6 information when calculating partial correlations. Conse-
quently, partial correlations became noisier and slightly biased, which in 
turn, resulted in attenuated effect estimates and inflated standard errors. 
We discuss the limitations of our approach and implications for future 
work in the Discussion section. 

Fig. 3. A. Depiction of vmPFC ROI 3 – Right Amygdala functional connectivity. B. Moderation Mediation Model for Testosterone. Bold* indicates that the effect is 
significant (p < .05), with italics indicating marginal significance (p < .10). Simple slopes for the vmPFC ROI 3 – amygdala connectivity to anxiety symptoms effect 
(b) are presented for + 1 SD mean and − 1 SD testosterone. C. Moderation Mediation Model for Adrenarcheal Processes. Bold* indicates that the effect is significant 
(p < .05), with italics indicating marginal significance (p < .1). Simple slopes for the vmPFC ROI 3 – Right Amygdala connectivity to anxiety effect (b) are presented 
for + 1 SD, mean and − 1 SD adrenarcheal processes. Note: Due to standardization, all effect estimates are in β metric. 

Fig. 4. vmPFC ROI 2 – Left Amygdala and Gonadarcheal development moderated mediation. A. Depiction of vmPFC ROI 2 – Left Amygdala functional connectivity. 
B. Moderation Mediation Model for Gonadarcheal Processes. Bold* indicates that the effect is significant (p < .05). Simple slopes for the connectivity-anxiety effect 
(b) are presented for + 1 SD, mean and − 1 SD gonadarcheal processes. Note: Due to standardization, all effect estimates are in β metric. 
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Additionally, moderation only models were fit. Only the moderating 
effect of testosterone on ROI 3 - R Amygdala connectivity’s relation with 
anxiety was significant; however, the other two reported effects for 
adrenarcheal and gonadarcheal processes were marginally significant 
and of approximately the same magnitude as in the moderated- 
mediation models. 

Finally, we evaluated the overall fit of moderated-mediation, 
moderation only, and mediation only models using Akaike informa-
tion criterion (AIC) and Bayesian information criterion (BIC). This 
provides an additional way of assessing which model is the most optimal 
and parsimonious. We report the AIC and BIC in the Supplementary 
Materials. For our significant testosterone model (ROI 3 - R Amygdala), 
AIC selects the moderated-mediation model, while BIC selects the 
moderation only model, albeit by less than 2 points. This pattern of 
results is consistent with the marginally significant relation between 
testosterone and ROI 3 - R Amygdala connectivity. For our significant 
adrenarcheal development and gonadarcheal development models, both 
AIC and BIC selected the moderation only model, which corresponds to 
the lack of significant direct relations between the developmental 
measure and connectivity. Overall, these model comparisons support 
findings of testosterone and developmental processes moderating the 
relation between vmPFC-amygdala connectivity and anxiety, and sug-
gest that more data are needed to assess for a potential mediating 
relation between testosterone, brain connectivity, and anxiety. 

4. Discussion 

In the current study, we used moderation-mediation models to 
examine the relationship between testosterone/pubertal development, 
vmPFC-amygdala resting state functional connectivity, and anxiety 
symptoms in a sample of early adolescent girls varying in tempera-
mental risk for anxiety disorders. We found that vmPFC-amygdala 
connectivity was associated with anxiety symptoms only at higher 
levels of testosterone and more advanced pubertal development. Spe-
cifically, we found that testosterone and adrenarcheal processes mod-
erate the negative association between the right amygdala and vmPFC 
ROI 3 connectivity and anxiety symptoms. In addition, gonadarcheal 
processes moderate the negative association between left amygdala and 
vmPFC ROI 2 connectivity and anxiety symptoms. In other words, 
within girls with themselves more advanced puberty or who had higher 
levels of testosterone, weaker fronto-amygdala connectivity was asso-
ciated with more anxiety symptoms (or, conversely, within girls more 
pubertally advanced or with higher levels of testosterone, stronger 
fronto-amygdala connectivity was associated with less anxiety). Because 
testosterone is implicated in both adrenarcheal and gonadarcheal pro-
cesses, especially in females as testosterone is mostly produced by ad-
renal glands (Byrne et al., 2017), it is not surprising that the pattern of 
findings was similar across indices of pubertal development. 

Our findings support our hypothesis regarding the moderating role of 
testosterone levels on the negative association between vmPFC- 
amygdala functional connectivity and anxiety symptoms. They are 
consistent with Spielberg et al.’s (2015) report of increases in pubertal 
testosterone concentrations over an approximately 2-year period asso-
ciated with reduced OFC-amygdala coupling to angry/fearful faces 
compared to neutral faces/shapes in a typically-developing mixed-sex 
sample of 11–15-year-olds (Spielberg et al., 2015). Interestingly, while 
findings were significant for both sexes in that study, the authors noted 
that the range of change in testosterone levels was smaller in female 
participants suggesting that girls may be more sensitive to the modu-
latory effects of testosterone on this circuitry. In exploratory analyses, 
Spielberg and colleagues also observed reduced OFC-amygdala coupling 
over time to be associated with more withdrawal temperament traits 
assessed using the approach/withdrawal temperament subscale of the 
Dimensions of Temperament Survey (DOTS; Windle and Lemer, 1986) – 
though no interactions with testosterone were found. Such modulating 
effects of testosterone on fronto-amygdala connectivity – reducing 

connectivity between these two regions – is supported by serum 
testosterone administration studies in adult women. For instance, using 
a double-blind placebo-controlled design researchers reported that 
administration of testosterone in adult women led to increased activa-
tion to threat-related stimuli in both the amygdala and OFC (Hermans 
et al., 2008; van Wingen et al., 2009) and reduced OFC-amygdala 
coupling in a sample of middle-aged women (age 37–50) processing 
emotional faces (Van Wingen et al., 2010). Another study using a 
double-blind placebo-controlled design in a sample of young women 
(ages 18–37) reported that administration of testosterone was linked to 
decreases in the magnitude of OFC-amygdala coupling to escapable (vs. 
inescapable) threat; no differences were observed during rest (Heany 
et al., 2018). Taken together, the above findings suggest that 
fronto-amygdala functional connectivity during emotion processing 
tasks or at rest is less optimal (more positive or reduced coupling) in the 
context of high levels of testosterone. We speculate that girls, especially 
those at temperamental risk of anxiety disorders, may be particularly 
neurobiologically more sensitive to the modulatory effects of testos-
terone on vmPFC-amygdala connectivity and that such sensitivity may 
be linked to the emergence or rise of anxiety symptoms given the reg-
ulatory role of vmPFC on amygdala activity. It remains to be deter-
mined, however, to what extent our findings would generalize to other 
samples of adolescent girls recruited from the community with higher or 
low risk of developing anxiety disorders. 

Whether the moderating effects of pubertal development was 
stronger for some subregions of the vmPFC and their connectivity with 
the amygdala was unknown. We addressed this gap by using a vmPFC 
six-cluster parcellation (Chase et al., 2020) to explore puberty-related 
connectivity between the amygdala and subregions of the vmPFC. We 
found that testosterone and adrenarcheal processes were related to 
connectivity between right amygdala and vmPFC ROI 3 – an ROI that 
includes regions implicated in regulatory processes (Chase et al., 2020) 
but not the OFC as previously reported in task-related studies (Spielberg 
et al., 2015). According to Chase and colleagues, the vmPFC ROI 3 sits 
directly anterior to area 14 m. Over 80% of voxels in this cluster over-
laps with the following bilateral Brodmann areas: 14 m, which broadly 
corresponds with large parts of the vmPFC, area 24 – ventral anterior 
cingulate cortex (ACC), and area 32 with the rostral/dorsal ACC. These 
regions are comprised of several layers of pyramidal cells varying across 
layers in neuronal granularity, (Mackey and Petrides, 2014) suggesting 
that each of these large structures can likely be further parcellated based 
on cellular morphology into multiple subregions. Functionally, they are 
thought to be implicated in decision-making, (Smith et al., 2010) 
regulating affective responses (Suzuki and Tanaka, 2021) likely by 
downregulating amygdala activity, (Motzkin et al., 2015) and signaling 
social cognitive information regarding the states of others (Apps et al., 
2016). In contrast to the vmPFC ROI 3 cluster, approximately 36% of 
voxels in vmPFC ROI 2 overlap with regions corresponding to the 
JuBrain atlas labels of areas 14 m and 11 and primarily associated with 
olfactory and gustation (Chase et al., 2020). Interestingly, an in-situ 
hybridization study in rats investigating the distribution of androgen 
and estrogen receptor mRNA-containing cells reported that the greatest 
density of these cells—which were almost exclusively neurons—were 
localized to the hypothalamus, amygdala nuclei, and the BNST but also 
included cortical olfactory regions and in the main and accessory ol-
factory bulbs (Simerly et al., 1990). Together, these findings suggest that 
amygdala connectivity with these subregions of the vmPFC is associated 
with levels of anxiety, particularly in girls who are more advanced in 
pubertal development. Future research investigating the mechanisms 
underlying puberty-specific development of these specific 
vmPFC-amygdala pathways and how alterations in such development 
contribute to trajectories of anxiety symptoms in girls is warranted to 
deepen our understanding of pathophysiology of anxiety disorders. 

One mechanism could be via changes in the sensitivity of sex steroid 
hormone receptors in these vmPFC subregions or their connections with 
the amygdala. The amygdala has a high density of androgen receptors 
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(Simerly et al., 1990)—sensitive to changing levels of testosterone 
during puberty—and possibly increasing amygdala reactivity in the 
context of protracted maturation of ventromedial prefrontal cortical 
inhibitory pathways (Gee et al., 2013; Selleck et al., 2018; Wu et al., 
2016). Given evidence that testosterone impacts dopaminergic function 
(Marowsky et al., 2005), another mechanism could be via the effects of 
testosterone on vmPFC signals in the amygdala while prioritizing other 
inputs to the amygdala (Grace and Rosenkranz, 2002), which could 
contribute to an anxiety response. Indirect effects are also possible such 
as perceived physical changes during puberty and their impact on girls’ 
self-esteem, behavior, and reactivity to others’ perception of them, 
which tax the emotion regulation circuitry thereby creating a vulnera-
bility to the effects of pubertal hormones on this circuitry during a 
critical period of neuroplasticity (Larsen and Luna, 2018). 

Because the girls in our sample varied in risk for anxiety disorders, it 
is possible that they may have been especially sensitive to the effects of 
testosterone in reducing fronto-amygdala connectivity in ways that may 
increase affect dysregulation and risk of anxiety. This interpretation is 
inconsistent, however, with findings from a study with a mixed-sex 
sample of typically developing children (mean age 9.53 years) 
showing that in boys, but not girls, testosterone levels were positively 
associated with anxiety symptoms and that this association was medi-
ated by amygdala connectivity to visual cortical areas as well as the ACC 
(Barendse et al., 2018). Such discrepancy in findings could be attributed 
to differences in the age of the samples, with the Barendse et al. (2018) 
participants being younger and thus possibly not engaging 
fronto-amygdala circuitry during emotion processing as much as older 
participants in other studies. Indeed, longitudinal analyses with the 
same sample revealed that more advanced adrenarcheal development at 
baseline was associated with increases in anxiety symptoms over time 
and that this association was mediated by more positive (weaker) 
amygdala to lateral prefrontal cortex connectivity (across time) during 
fearful face processing (Barendse et al., 2020). 

While we observed a marginally significant direct effect of testos-
terone on vmPFC ROI 3 – R Amygdala, the mediating role of reduced 
vmPFC-amygdala connectivity on the relationship between pubertal 
development and anxiety symptoms was not supported. These findings 
suggest that pubertal development, including increases in levels of 
testosterone, did not lead to reductions in vmPFC-amygdala connections 
and increases in levels of anxiety symptoms. A longitudinal design 
where within-subject changes in pubertal development over time would 
be associated with higher anxiety symptoms and that this relationship 
could be explained by a reduction in vmPFC-amygdala connectivity 
would be a more powerful test of this relationship. 

4.1. Strengths and limitations 

We present findings pertaining to the role of pubertal development, 
including testosterone concentrations and self-reported physical char-
acteristics, in anxiety with a focus on the functioning of fronto-amygdala 
circuitry in early adolescent girls. The strengths of this study include 
examining both basal levels of testosterone and self-reported pubertal 
development considering separate processes of adrenarche and gona-
darche in a well-characterized sample of early adolescent girls varying 
in level of temperamental risk of anxiety disorder. In addition, testos-
terone concentrations were derived using hierarchical linear modeling 
with four morning saliva assays collected over one month. Such an 
approach enabled us to extract the portion of variance in testosterone 
into a single Empirical Bayes estimate of basal hormone level accounting 
for non-linear fluctuations across the day and the month. Our use of 
moderated-mediation models with ROIs based on the functional par-
cellation of the vmPFC (Chase et al., 2020) provides an in-depth analysis 
of the connectivity of the amygdala with functional subregions of the 
vmPFC improving interpretation of findings through the mapping of 
these subregions to corresponding regions in rodent and non-human 
primate studies. 

Some limitations are important to consider for future research. First, 
although early adolescent girls are an important population in which to 
study the role of pubertal maturation in the development of anxiety 
(Beesdo-Baum and Knappe, 2012), it remains unclear whether findings 
might extend to adolescent boys or whether they extend to 
non-cisgender youth (transgender, non-binary). Future research is 
needed to examine whether similar processes are present in at-risk boys 
and larger and more diverse samples. Second, the moderate sample size 
within this age range may have limited our ability to detect variability in 
pubertal development as a function of age and examine the specific ef-
fects of temperamental risk status. Third, the use of a cross-sectional 
design precludes drawing conclusions about the direction of the rela-
tionship between pubertal development, fronto-amygdala functional 
connectivity, and anxiety symptoms, as well as testing hypotheses 
related to the rate of pubertal maturation across visits. Fourth, the lack of 
directionality of the functional connectivity findings precludes our 
ability to determine whether more advanced pubertal maturation is 
linked reduced inhibitory vmPFC connections to the amygdala or 
reduced amygdala input into the vmPFC. Fifth, the exploratory nature of 
the analyses with respect to the specific subregions of the vmPFC, 
combined with the moderate sample size, raises the possibility that these 
findings may include false positive effects. While the findings are 
consistent with previous research and suggest differential involvement 
of different vmPFC subregions, future studies need to confirm the role of 
the specific subregions of the vmPFC in a larger sample. Sixth, results 
from the sensitivity analysis assessing how exclusion of data from ROI 1 
and 6 impacted inference showed that upon removing ROI 1 and 6 from 
consideration entirely, the moderating effect of adrenarcheal develop-
ment becomes marginally significant. This indicates that the reported 
moderating effect of adrenarcheal development, particularly ROI 3 - R 
Amygdala connectivity, should be replicated in future work, as the 
change in significance suggests that ROI 1 and/or 6 could potentially 
explain part of the observed relation. Additionally, future studies need 
to consider other factors that may have direct or indirect effects such as 
family environment (Thijssen et al., 2022) or socio-economic status 
(Barch et al., 2020). Future research should include multiple measures 
of pubertal maturation and fronto-amygdala function (resting state and 
task) over several time points to determine to what extent exposure to 
testosterone impacts fronto-amygdala functioning. There is also a need 
to identify the molecular mechanisms by which levels of pubertal hor-
mones such as testosterone influence fronto-amygdala connectivity in 
ways that contribute to trajectories of anxiety symptoms in youth. 
Finally, we note that our study only considered sex assigned at birth but 
that future research should incorporate data on gender identity, given 
that transgender and non-binary adolescents are likely to be at an even 
greater risk of developing anxiety symptoms during adolescence (de 
Vries et al., 2011). 

5. Conclusions 

Findings from the current study show that vmPFC-amygdala resting 
state functional connectivity is associated with anxiety symptoms only 
in early adolescent girls more advanced in adrenarcheal and/or gona-
darcheal development and with higher levels of testosterone. Specif-
ically, only in girls perceiving to be more advanced in puberty and 
having higher levels of testosterone is weaker fronto-amygdala con-
nectivity associated with more anxiety symptoms (or, conversely, only 
in girls perceiving to be more advanced in puberty and having higher 
levels of testosterone is stronger fronto-amygdala connectivity associ-
ated with less anxiety). The moderating role of perceived pubertal 
maturation and testosterone varies as a function of vmPFC subregions 
suggesting potentially different neurodevelopmental mechanisms in rise 
of anxiety in at-risk girls. Current findings add to the sparse literature on 
the role of pubertal maturation and pubertal hormones on the func-
tioning of neural circuitry implicated in the development of anxiety 
symptoms in girls during early adolescence. Longitudinal studies 

C.D. Ladouceur et al.                                                                                                                                                                                                                          



Developmental Cognitive Neuroscience 60 (2023) 101236

10

examining puberty-related neurodevelopmental mechanisms underly-
ing trajectories of anxiety symptoms in male and female youth are also 
needed to deepen our understanding of the sex differences in the 
development of internalizing disorders that emerge during adolescence. 
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