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A B S T R A C T   

Amygdala resting-state functional connectivity (rsFC) is altered in adolescents with internalizing disorders, 
though the relationship between rsFC and subclinical symptomatology in neurotypical youth remains unclear. 
Here we examined whether amygdala rsFC varied across a continuum of internalizing symptoms in 110 typically- 
developing (TD) youths 8 to 17 years old using functional magnetic resonance imaging (fMRI). We assessed 
overall internalizing symptoms, as well as anxious-depressed, withdrawn-depressed, and somatic complaints. 
Given known sex differences in the prevalence of internalizing disorders, we compared connectivity between 
males and females. As compared to males, females with greater internalizing, anxious-depressed, and somatic 
symptoms displayed greater connectivity with the cingulate gyrus, insula, and somatosensory cortices. In 
contrast, males with greater anxious-depressed symptoms demonstrated weaker connectivity with the subcallosal 
prefrontal cortex. Sex differences in rsFC in relation to symptom severity were evident for the whole amygdala 
and for two of its subnuclei (centromedial and superficial amygdala). Overall, results suggest that, for females, 
higher internalizing symptoms are associated with greater rsFC between the amygdala and regions implicated in 
emotional and somatosensory processing, salience detection, and action selection. Future longitudinal in
vestigations are needed to determine whether this hyperconnectivity may confer resilience to, or pose risk for, 
the development of internalizing disorders.   

1. Introduction 

1.1. Overview of Internalizing Disorders 

Internalizing disorders constitute a group of related psychiatric 
conditions including anxiety disorders, somatic disorders, and depres
sion; these disorders display significant overlap of symptom expression 
and are twice as common in females than in males (Eaton et al., 2012). 
Such conditions are highly prevalent during adolescence, a time when 
considerable brain development occurs, specifically in networks rele
vant for socio-emotional processing (Blakemore and Mills, 2014; Casey, 
2015; Casey et al., 2019; Crone and Dahl, 2012; Guyer et al., 2016). 
Female adolescents in particular exhibit greater subclinical internalizing 
symptoms than males and are more likely to be diagnosed with an 
internalizing disorder (Angold et al., 2002; Costello and Angold, 2000; 
Crick and Zahn-Waxler, 2003; Hankin et al., 1998; Lewinsohn et al., 
1995). Nearly 1 in every 3 adolescents will receive a diagnosis of an 
anxiety disorder before adulthood (Merikangas et al., 2010), and college 
students are increasingly seeking mental health services due to anxiety 

(Center for Collegiate Mental Health, 2015). While the DSM-5 (Amer
ican Psychiatric Association, 2013) conceptualizes these internalizing 
disorders separately for diagnosis and treatment, anxiety and depression 
are often sequentially or concurrently comorbid amongst adolescents 
(Cummings et al., 2014; Garber and Weersing, 2010). Other types of 
symptoms such as rumination (McLaughlin and Nolen-Hoeksema, 2011) 
and emotion dysregulation (McLaughlin et al., 2011) are also trans
diagnostic features of both anxiety and depression. In the absence of 
comorbidity, adolescents who meet criteria for one internalizing disor
der often endorse subclinical symptoms for another. Such symptom 
overlap is especially true for adolescents with anxiety who often display 
high, albeit subthreshold, levels of depression (Garber and Weersing, 
2010). 

In addition to considerable behavioral evidence suggesting comor
bidity and similarities between internalizing disorders, a growing body 
of neuroimaging research demonstrates shared neural alterations across 
internalizing disorders. Adolescents with depression and anxiety both 
demonstrate amygdala hyperactivation to fearful faces relative to 
neutral faces as compared to neurotypical youth (Beesdo et al., 2009). 
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Relatedly, re-grouping adults with generalized anxiety disorder (GAD) 
and major depressive disorder (MDD) based on whether they exhibit 
high vs. low intra-limbic functional connectivity better predicts the 
extent of their attentional threat bias than when grouping by clinical 
diagnosis (Bijsterbosch et al., 2018). Notably, another study indicates 
that clustering MDD patients using limbic and fronto-striatal network 
connectivity reveals patient subtypes that are predictive of responsivity 
to repetitive transcranial magnetic stimulation (rTMS) therapy (Dry
sdale et al., 2017). 

1.2. Roles of the Amygdala Subnuclei 

Neural network alterations observed in children and adolescents 
with internalizing disorders are broadly evident in brain circuits rele
vant for emotional processing and salience detection, particularly 
involving the amygdala (for review, see Blackford and Pine, 2012). Al
terations in these networks can manifest as atypical resting-state func
tional connectivity (rsFC), a metric indexing co-activation history 
between regions supporting similar functions which allows for the 
identification of functionally related-brain networks (Raichle, 2010). 
The basolateral amygdala (BLA), centromedial amygdala (CMA), and 
superficial amygdala (SFA) demonstrate separable rsFC networks that 
relate to distinct roles in both the processing of sensory stimuli and the 
expression of different behaviors (Amunts et al., 2005; Bzdok et al., 
2013; Roy et al., 2009). The BLA receives sensory and threat-related 
information and is thought to process emotions via communication 
between regions such as visual association cortices, medial prefrontal 
cortex, and the cingulate gyrus (Dolan and Vuilleumier, 2006; LeDoux, 
2000; Pessoa and Adolphs, 2010). The CMA contributes to the expres
sion of emotions via its communication with sensorimotor regions, 
brainstem, and cerebellum (LeDoux, 2007, 2000; Roy et al., 2009). The 
SFA plays a role in emotion processing, displaying connectivity with the 
ventral striatum, orbitofrontal cortex, cingulate, insula, and hippocam
pus (Koelsch et al., 2013). Given their distinct connectivity patterns and 
their relation to different processes, assessing connectivity for each 
amygdala subnuclei could better inform our understanding of neural 
circuit alterations in relation to internalizing symptoms. 

1.3. Prior Research and Present Study 

Research in neurotypical youth has also characterized normative 
developmental trajectories of functional connectivity with the amygdala 
and its subnuclei (Alarc�on et al., 2015; Gabard-Durnam et al., 2014; 
Jalbrzikowski et al., 2017; Qin et al., 2014); however, less is known 
about how subclinical symptomatology amongst typically-developing 
(TD) youth may relate to amygdala rsFC. Within this existing litera
ture, reports are mixed with regard to the directionality of the rela
tionship between amygdalar connectivity and internalizing symptoms, 
as well as with regard to the brain regions showing such relationships. 
These disparities may reflect the specificity or severity of the symptoms 
examined, the developmental period under investigation (i.e., childhood 
versus late adolescence), whether whole amygdala rsFC or amygdala 
subnuclei rsFC is considered, and other sample characteristics. A lon
gitudinal study of TD youth (average age ~13) with no psychopathology 
at baseline compared amygdala rsFC, on average 2.5 years later, be
tween youth who remained free of symptoms and those who showed 
greater depressive symptomatology (referred to as “escalators”). Rela
tive to this group, neurotypical youth showed greater baseline connec
tivity between the right amygdala and left IFG, supramarginal gyrus, 
and right mid-cingulate cortex, as well as less connectivity between left 
amygdala and cerebellum (Scheuer et al., 2017). In contrast, a 
cross-sectional study investigating amygdala subnuclei rsFC in a 
younger sample of TD children (average age ~8) showed that greater 
symptoms of anxiety related to greater connectivity between the left 
amygdala, particularly the BLA, and several regions implicated in sen
sory processing, higher-order frontal regions, and subcortical regions 

(Qin et al., 2014). In a sample of youth exposed to early-life stress, 
greater adolescent amygdala-vmPFC connectivity related to less symp
toms of anxiety, but more symptoms of depression, particularly for fe
males (Burghy et al., 2012). Assessments of TD adolescents who exhibit 
subclinical internalizing symptoms can help inform whether known 
circuit-level alterations in functional connectivity seen in adolescents 
with a clinical diagnosis arise prior to disorder onset and could thus be 
used as biomarkers, or instead are merely symptomatic of a clinical 
diagnosis. Further, investigating the association between amygdala 
functional connectivity and distinct internalizing symptoms affords the 
ability to detect similarities and differences across disorders with shared 
symptom expression. 

Here, we used a dimensional approach to understand how subclinical 
internalizing symptomatology might modulate rsFC of the amygdala 
and its subnuclei in a sample of 110 TD children and adolescents. Given 
differential rates of internalizing symptoms and disorders in males and 
females, we particularly focused on sex differences in rsFC. To our 
knowledge, this is the first study to specifically examine the role of sex 
when relating subclinical internalizing symptoms to amygdala rsFC in a 
large sample of otherwise typically-developing youth. The entire bilat
eral amygdala, as well as the BLA, CMA, and SFA subnuclei in explor
atory analyses, were used as seed regions of interest in independent 
analyses. The internalizing scale of the Child Behavior Checklist (CBCL), 
a parent-report of child and adolescent symptoms, was used to assess 
symptom severity; furthermore, its three constituent subscales – 
anxious-depressed, somatic complaints, and withdrawn-depressed – 
were used to examine how specific types of symptoms might relate to 
distinct patterns of amygdala functional connectivity. Supplemental 
analyses were also conducted to explore how age might affect any 
observed relationships between amygdala connectivity and internal
izing symptomatology. Given the limited relevant literature and lack of 
consistent results, we refrained from formulating specific hypotheses as 
per the relationship between internalizing symptoms and functional 
connectivity of the amygdala or its subnuclei. However, prior work does 
suggest the presence of sex differences in whole amygdala and amygdala 
subnuclei functional connectivity (Engman et al., 2016), and that 
atypicalities in amygdala task-based functional connectivity may vary as 
a function of mood in females but not in males (Mareckova et al., 2016). 
Thus, we predicted that internalizing symptomatology would modulate 
amygdala connectivity, and that this relationship would differ between 
females and males. 

2. Methods 

2.1. Study Participants 

Participants included 124 typically developing children and adoles
cents who were recruited as part of the Gender Exploration of Neuro
genetics and Development to Advance Autism Research (GENDAAR) 
multisite consortium. Participants were recruited for this study through 
traditional recruitment strategies (e.g., flyers distributed at community 
events, youth organizations, school events, etc.); the fact that these 
youth were enrolled as neurotypical controls in a study focused on 
Autism Spectrum Disorder (ASD) had no influence on the choice of 
strategy. Data collection occurred at 4 institutions: Harvard Medical 
School, Seattle Children’s Research Institute, University of California 
Los Angeles (UCLA), and Yale University (scanner and site were both 
included as covariates in all analyses). Fourteen subjects were excluded 
from the analyses due to excessive motion during the MRI scan (see 
Methods 2.5), yielding a total sample of 110 participants (57 females: 
Mage ¼ 13.1, SD ¼ 2.9, range ¼ 8.28 – 17.9 years; 53 males: 
Mage ¼ 13.7, SD ¼ 2.5, range ¼ 8.26-17.8 years; see Table 1). All par
ticipants were right-handed, had no contraindications for MRI, had no 
previous or current history of neurological, psychiatric, or neuro
developmental disorders, and no history of ASD in any first-degree rel
atives. Further, the Social Responsiveness Scale (Constantino and 
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Gruber, 2012) was used to exclude participants with elevated ASD 
symptomatology. 75% of participants identified as White, 12% as more 
than one race, 8% as Asian, and 5% as Black or African American 
(Table 1). Family income was collected as a proxy for socioeconomic 
status; however, this information was missing for 36 participants. 
Additionally, all participants self-reported about their pubertal status 
using the Pubertal Development Scale (Table 1; PDS, Petersen et al., 
1988). Written informed consent and assent were obtained from all legal 
guardians and study participants in accordance with all sites’ Institu
tional Review Boards. All participants were compensated for their 
participation in this study. 

2.2. Child Behavior Checklist (CBCL) 

Internalizing symptoms were assessed via parental reports on the 
Child Behavior Checklist (CBCL) internalizing scale (Achenbach, 1991) 
which provides a global categorization of all internalizing problems. We 
also examined the scores on its 3 subscales (anxious-depressed, somatic 
complaints, and withdrawn-depressed) to explore how specific symp
tomatology might differentially modulate amygdala connectivity. Ap
pendix A lists the specific items parents were asked, grouped by each 
subscale. Each CBCL subscale score is generated by summing values 
indicating how often a parent perceives their child experiencing a 
symptom on a scale from 0-2, where 0 indicates that this symptom is not 
endorsed by their child (“Not True (as far as you know)”), 1 indicates 
that parents believe this symptom is sometimes expressed by their child 
(“Somewhat or Sometimes True”), and 2 indicates that parents believe 
this symptom is often expressed by their child (“Very True or Often 
True”). There are 32 total items on the Internalizing scale (scores range 
from 0-64), which is composed of 13 items on the anxious-depressed 
subscale (scores range from 0-26), 11 items on the somatic complaints 
subscale (scores range from 0-22), and 8 items on the 
withdrawn-depressed subscale (scores range from 0-16). 

The anxious-depressed subscale primarily measures various types of 
fears (e.g., fear of being perfect, fear of social situations) as well as some 
symptoms of depression (e.g., cries a lot). The somatic complaints sub
scale addresses physical manifestations of internalizing problems, 
including nausea, tiredness, and digestive problems. The withdrawn- 
depressed subscale primarily assesses symptoms of depression, partic
ularly related to social situations (e.g., would rather be alone than with 
others). These subscales were chosen for their ability to capture 
dimensional symptom severity in youth with and without a clinical 
diagnosis. Internalizing symptom severity was compared between males 
and females using two-tailed t-tests. All analyses were conducted using 
CBCL raw scores. As CBCL T-scores are normed separately for males and 
females, using T-scores would have precluded meaningful sex 

comparisons. 

2.3. MRI Data Acquisition 

Resting-state functional magnetic resonance imaging (rs-fMRI) data 
were obtained for all participants using either a Siemens 3 T Trio (12- 
channel head coil) or a Prisma 3 T whole-body scanner (20-channel 
head coil). For registration, each participant also received a matched- 
bandwidth echo-planar image (TR ¼ 5000 ms, TE ¼ 34 ms for Trio or 
35 ms for Prisma, FOV ¼ 192 mm, 34 slices, slice thickness 4 mm, in- 
plane voxel size 1.5 x 1.5 mm). The T2*-weighted rs-fMRI sequence 
(TR ¼ 2000 ms, TE ¼ 30 ms, FOV ¼ 192 mm, 34 slices, slice thickness 
4 mm, in-plane voxel size 3 x 3 mm on both platforms) was acquired 
while participants were instructed to view a white crosshair on a black 
background, and at least 5.5 minutes of resting state data were acquired 
for each participant. 

2.4. MRI Preprocessing 

MRI data were analyzed using FSL and AFNI (Analysis of Functional 
NeuroImages; Cox, 1996). The following pre-processing steps were 
implemented prior to analyzing amygdala functional connectivity. Im
ages were skull-stripped using AFNI, then realigned using the mean 
functional volume via FSL’s Motion Correction Linear Registration Tool 
(MCFLIRT; Jenkinson et al., 2002). Registration of rs-fMRI data to 
structural images was conducted via a 2-step process whereby functional 
data were linearly registered to the matched-bandwidth EPI volume (6 
degrees of freedom), and then registered to the MNI 152 2 mm standard 
brain (12 degrees of freedom). Images were smoothed using a 6 mm 
FWHM Gaussian kernel. To remove potential confounds resulting from 
head motion, smoothed data were denoised using Independent 
Component Analysis (ICA)-based Automatic Removal of Motion Arti
facts (ICA-AROMA; Pruim et al., 2015) to regress out single-subject 
components labeled as motion or noise. ICA-AROMA has been shown 
to be one of the very best approaches for addressing head motion when 
compared to 18 other commonly employed denoising pipelines (Parkes 
et al., 2018). We chose to use ICA-AROMA, as opposed to motion 
scrubbing, as scrubbing results in both data loss and alterations in 
subjects’ time series (Parkes et al., 2018). As compared with other 
pipelines, ICA-AROMA also does not alter estimates of long-range con
nectivity, which is a concern especially for pediatric samples (Van Dijk 
et al., 2012). Eight subjects were removed for having fewer than 10 
resting-state components remaining after implementing ICA-AROMA; 
an additional six subjects were removed due to high maximum abso
lute motion (greater than 8 mm). Data from the remaining 110 partici
pants were bandpass filtered (0.1 Hz > t > 0.01 Hz). FSL’s Automatic 
Segmentation Tool (FAST) was then used to create white matter, cere
brospinal fluid, and global signal masks from high-resolution anatomical 
scans, and signal from these masks and their derivatives were regressed 
out from functional data using FSL’s FEAT. Resulting subject-level re
siduals were normalized and registered to standard space. As global 
signal regression (GSR) may introduce spurious anti-correlations (Mur
phy & Fox, 2017), only positive connectivity findings are reported and 
discussed here. We opted to apply GSR as it is effective at removing 
motion and respiratory related global artifacts, as well as increasing the 
relationship between functional connectivity and neuroanatomical 
structures; when used in conjunction with ICA-AROMA, GSR can be 
especially effective at denoising data (Parkes et al., 2018). 

2.5. MRI Data Analysis 

All statistical analyses were performed using the general linear 
model in FSL’s FEAT. Time series were extracted from the whole bilat
eral amygdala at a probabilistic threshold of 25% in the Harvard-Oxford 
atlas, consistent with previous amygdala rsFC studies (e.g., Bickart et al., 
2012). Separate exploratory analyses were also conducted for the 

Table 1 
Sample Descriptives   

Females 
(n ¼ 57) 

Males 
(n ¼ 53) 

P-value 

Age 13.1 (2.9) 13.7 (2.5) 0.22 
Mean Relative Motion (mm) 0.14 (0.12) 0.11 (0.08) 0.21 
Framewise Displacement (mm) 0.23 (0.20) 0.19 (0.13) 0.20 
Percentage ICA Components Kept 49.3% (11.5) 51.2% (10.9) 0.38 
Pubertal Development Status (PDS) 12.6 (4.2) 11.2 (3.8) 0.08 
Self-Reported Ethnicity    

Asian 4 5 - 
Black/African American 4 1 - 
More than one race 7 6 - 
White 42 41 - 

Internalizing Scale 4.10 (4.22) 2.73 (3.80) 0.07 
Anxious-Depressed Subscale 2.03 (2.38) 1.35 (1.94) 0.10 
Somatic Complaints Subscale 1.10 (1.65) 0.60 (1.47) 0.10 
Withdrawn-Depressed Subscale 0.96 (1.25) 0.77 (1.46) 0.46 

Mean values with standard deviations in parentheses. P-values were derived 
using two sample t-tests. 
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bilateral centromedial (CMA), basolateral (BLA), and superficial (SFA) 
nuclei. These bilateral amygdala subnuclei ROIs were generated using 
the Jülich histological atlas available in FSL (FMRIB’s Software Library, 
https://fsl.fmrib.ox.ac.uk/fsl/fslwiki; Smith et al., 2004). Voxels were 
assigned to the subnuclei with the highest probability of containing 
them only if they had at least a 40% probability of belonging to that 
subnuclei and not to any other nearby structures. Then, each thresh
olded subnuclei was subtracted from the other two and binarized to 
generate final non-overlapping ROIs of each subnuclei. These time series 
were then independently correlated with every other voxel in the brain 
to generate distinct functional connectivity maps for each participant. 
Finally, all subject-level correlation maps were transformed to z-statistic 
maps using Fisher’s r to z transform to allow for between-subject com
parisons. Group analyses were conducted in FSL’s FEAT using FLAME 
1 þ 2, a mixed effects model. All regression analyses described below 
were focused on (i.e., masked by) brain regions where either males or 
females showed significant whole amygdala functional connectivity 
(thresholded at z > 2.3, p < 0.05), in keeping with our main aim of 
characterizing how amygdala connectivity might be modulated by 
internalizing symptoms in males and females. Restricting our search 
space to the networks of regions showing significant connectivity with 
the amygdala (in either group) does not allow for identification of re
gions which may show amygdala connectivity only as a function of 
symptoms; however, given that our sample involved neurotypical youth 
experiencing a limited range of symptoms, we opted to assess the 
modulatory role of internalizing symptomatology only in brain regions 
that showed significant amygdala connectivity in either group. 

Raw, demeaned scores for the CBCL internalizing scale, as well as for 
the anxious-depressed, somatic complaints, and withdrawn-depressed 
subscales, were entered as covariates of interest in separate higher- 
level FEAT regression analyses to assess whole-group (mal
es þ females), within-group (males and females separately), and 
between-group (males vs. females) effects. Scanner and data collection 
site were also entered as regressors of no interest. Analyses were first 
conducted for the internalizing scale to identify general patterns of 
altered connectivity; these were followed by separate analyses for each 
subscale to assess the specific relationship between amygdala functional 
connectivity and distinct symptom profiles. All bottom-up analyses were 
thresholded at z > 3.1 (p < 0.001) and corrected for multiple compar
isons at p < 0.05 in accordance with current recommendations in the 
field for more stringent statistical thresholding (Kessler et al., 2017). 
Correction for multiple tests (i.e., across multiple seeds) is not feasible 
using FEAT; however, false discovery rate (FDR) correction was applied 
whereby the p-values averaged across each significant cluster resulting 
from 16 independent tests (i.e., 4 amygdala ROIs x 4 internalizing 
symptoms scales) were entered into the p.adjust function of the R stats 
package (R Core Team, 2019) to correct for multiple tests. All analyses 
were additionally conducted including age as a covariate, given that 
amygdala functional connectivity might change over the course of 
development. Results that differed when including age in the models are 
described in the relevant sections below; all results from these additional 
analyses with age as a covariate are included in supplementary tables 
(Tables S1–4). Finally, to examine the extent to which any observed 
relationship between internalizing symptoms and amygdala connectiv
ity might have been moderated by age, we extracted parameter esti
mates of connectivity from the regions where internalizing symptoms 
significantly modulated amygdala connectivity and conducted moder
ation analyses in R; only one significant moderating effect of age was 
observed as detailed in Section 3.3.2 below. 

3. Results 

3.1. Demographics and Head Motion 

Males and females did not significantly differ in age (p ¼ 0.22, 
Table 1) or in pubertal status as measured by the PDS (p ¼ 0.08, 

Table 1). Males and females also did not differ in mean relative motion, 
the percentage of ICA components retained following ICA-AROMA, or 
framewise displacement (Table 1). 

3.2. Internalizing Symptoms 

There were no significant differences between males and females on 
any of CBCL measures of internalizing (internalizing scale: t(108) ¼
1.78, p ¼ 0.08; anxious-depressed subscale: t(108) ¼ 1.63, p ¼ 0.10; 
somatic complaints subscale: t(108) ¼ 1.68, p ¼ 0.10; withdrawn- 
depressed subscale: t(108 ¼ 0.73, p ¼ 0.46; see Table 1)). None of the 
CBCL measures correlated with age or with the PDS. 84 participants 
(76% of the sample) were reported by parents as exhibiting some 
internalizing symptoms. 

We also evaluated whether any participant was an outlier on the 
CBCL measures, as defined as at least two standard deviations above the 
group average. Six participants were considered outliers across one or 
more scale (i.e., outliers on the anxious-depressed and somatic com
plaints subscales), 1 on only the somatic subscale, 1 on only the anxious- 
depressed subscale, and 4 on only the withdrawn-depressed subscale. All 
of these participants were included in our sample as our main study 
question of interest was to understand how a continuous range of 
symptoms would impact connectivity patterns. However, we ensured 
that all reported connectivity findings remained significant when 
behavioral outliers were removed. 

Lastly, to ensure that observed sex differences in connectivity did not 
merely reflect sex differences in internalizing symptoms, we more 
closely matched the groups (all ps > 0.3) by removing females with the 
highest reported symptoms and males with the lowest reported symp
toms (2 males and 2 females for the anxious-depressed and somatic 
complaints subscales, 3 males and 3 females for the internalizing scale). 
All reported between-group effects remained significant after excluding 
these participants. 

3.3. Amygdala Functional Connectivity 

While our primary analyses focused on examining amygdala rsFC in 
relation to internalizing symptoms, the patterns of whole amygdala rsFC 
(not accounting for internalizing symptoms) for both males and females 
are presented in Supplementary Fig. 1 (displayed at z > 3.1, p < 0.05). 

3.3.1. Amygdala Connectivity as a Function of Overall Internalizing 
Symptoms 

As a function of increasing internalizing symptoms, females dis
played increased whole amygdala connectivity with the posterior mid- 
cingulate cortex (pMCC); this pMCC cluster extended into the supple
mentary motor area (SMA) and precentral gyri (Table 2). A similar 
pattern of connectivity was also evident for the SFA and CMA (Table 2). 
In separate analyses conducted with age as a covariate of no interest, 
females also displayed greater connectivity between the pMCC and the 
BLA as a function of increased internalizing symptoms (Table S1). The 
CMA also uniquely displayed stronger connectivity with the left so
matosensory cortex as a function of increased internalizing symptoms 
(Table 2). Overall internalizing symptoms did not significantly modulate 
whole amygdala connectivity in males. Direct between-group compari
sons showed that, as a function of increased internalizing symptoms, 
females displayed significantly greater whole amygdala connectivity 
than males with pMCC, SMA, precentral gyri, and right superior frontal 
gyrus (SFG). Again, these results held for the SFA and CMA subnuclei 
(Fig. 1, Table 2, Supplementary Fig. 2A, B), except for the SFG for which 
significant sex differences were only observed for the whole amygdala. 
At the whole-group level (across male and female youth), greater 
internalizing symptoms were associated with stronger connectivity be
tween the whole amygdala and the pMCC (Table 2). 
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3.3.2. Amygdala Connectivity as a Function of Anxious-Depressed 
Symptoms 

With increasing anxious-depressed symptoms, females displayed 
stronger connectivity of the whole amygdala, CMA, and SFA with 
midline precentral gyri and SMA (Table 3). In contrast, males demon
strated weaker connectivity between the SFA and subcallosal cortex as a 
function of anxious-depressed symptoms (Table 3). This last effect was 
not significant when age was included as a covariate in separate bottom- 
up analyses; a moderation analysis further revealed a significant inter
action (p < .01) between age and anxious-depressed symptoms in males 
whereby weaker connectivity between the SFA and subcallosal cortex as 
a function of greater anxious-depressed symptoms was more pro
nounced for younger than older males. 

When directly comparing male and female youth, females displayed 
greater connectivity between the whole amygdala and the pMCC, a 
pattern also seen for the SFA and CMA (Fig. 2, Table 3, Supplementary 
Fig. 3A, B). At the whole-group level (across male and female youth 
combined), greater anxious-depressed symptomatology was associated 
with stronger connectivity between the BLA and the left thalamus 

(Table 3). Whole-group connectivity between the BLA and left thalamus 
was no longer significant when including age as a covariate. 

3.3.3. Amygdala Connectivity as a Function of Somatic complaints 
Females displayed greater connectivity between the whole amygdala 

and the pMCC as a function of increased somatic complaints (Table 4). 
This pattern was mirrored for the SFA (Table 4); stronger SFA connec
tivity with increasing somatic complaints was also observed in the right 
anterior superior temporal gyrus (STG), left central operculum, and left 
insula (Table 4). CMA connectivity with the bilateral postcentral gyri 
was stronger in females with more somatic complaints (Table 4). In 
males, amygdala connectivity did not vary as a function of somatic 
symptoms. In direct between-group comparison with males, females 
showed greater connectivity between the SFA and the precentral gyrus, 
SMA, and pMCC (Fig. 3, Table 4) as a function of increased somatic 
symptoms. Additionally, females showed greater connectivity than 
males between the SFA and the left anterior STG with increasing somatic 
complaints (Fig. 3, Table 4), as well as increased connectivity between 
the CMA and bilateral pre and postcentral gyri (Fig. 3, Table 4). 

3.3.4. Amygdala Connectivity as a Function of Withdrawn-Depressed 
Symptoms 

Females showed greater connectivity between both the whole 
amygdala and the SFA with the pMCC and SMA cluster (Table 5) with 
increasing withdrawn-depressed symptoms. This was the only observed 
modulation of amygdala connectivity with regards to withdrawn- 
depressed symptomatology. 

4. Discussion 

The goals of the present study were to examine how subclinical 
internalizing symptoms in typically-developing youth might relate to 
functional connectivity of the amygdala, and whether distinct patterns 
might be observed between males and females in light of known sex 
differences in the rate of internalizing problems (Eaton et al., 2012). 
While not a significant difference, females in our sample were rated by 
their parents as showing slightly more internalizing symptomatology 
overall than males, specifically more anxious-depressed and somatic 
symptoms. Significant sex differences in amygdala functional connec
tivity, as related to internalizing symptoms, were also observed. As a 
function of increasing overall internalizing symptoms and as compared 
to males, females displayed hyperconnectivity between the whole 
amygdala and several regions associated with emotional and sensory 
processing, salience detection, and action selection, including the pos
terior mid-cingulate cortex (pMCC), insula, and somatosensory cortices. 
As detailed below, although internalizing symptoms modulated amyg
dala connectivity similarly across its three subnuclei, some specific 

Table 2 
Peak coordinates of brain regions where amygdala connectivity varied as a 
function of internalizing symptoms (Int); z < 3.1, corrected for multiple com
parisons at p < 0.05.  

Internalizing Modulation – Whole Amygdala 
MNI Peak (mm) Max 

X Y Z Z 

Male and Female Int þ Posterior Mid-Cingulate 
Cortex 

� 2 � 4 40 4.65 

Female Int þ Posterior Mid-Cingulate 
Cortex 

2 � 10 48 4.99 

Female > Male Int þ Supplementary Motor 
Area 

8 � 12 70 5.06  

Internalizing Modulation – Centromedial Amygdala 
MNI Peak (mm) Max 

X Y Z Z 

Female Int þ
Posterior Mid-Cingulate 
Cortex 

2 � 10 54 4.38 

Left Somatosensory Cortex � 38 � 22 34 4.42 
Female > Male Int 
þ

Supplementary Motor Area 10 � 6 50 4.77  

Internalizing Modulation – Superficial Amygdala 
MNI Peak (mm) Max 

X Y Z Z 

Female Int þ Precentral Gyrus 0 � 16 64 4.78 
Female > Male Int þ Posterior Mid-Cingulate Cortex 8 � 6 44 4.81  

Fig. 1. Amygdala rsFC and Overall Internalizing Symptoms. 
Brain regions displaying connectivity modulated by internalizing symptoms with the whole amygdala (green); the centromedial amygdala (CMA, red); the superficial 
amygdala (SFA, blue); both the whole amygdala and CMA (yellow); both the whole amygdala and SFA (cyan); both the CMA and SFA (pink); or the whole amygdala, 
CMA, and SFA (white). Scatterplots are included for illustrative purposes. Females displayed greater connectivity than males as a function of higher internalizing 
symptoms; scatterplot shows whole amygdala connectivity as related to internalizing symptoms in females (green triangles) and males (open green circles). 
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relationships were also observed between different types of internalizing 
symptoms and functional connectivity of distinct amygdala subnuclei in 
males and females. 

At the whole-group level (i.e., in both males and females), increased 
anxious-depressed symptomatology was associated with stronger con
nectivity between the basolateral amygdala (BLA) and the left thalamus. 
Some afferent thalamic relays of sensory information converge in the 
BLA (Amaral et al., 1992), and this sensory input, in conjunction with 
descending cortical information to the amygdala, allows for significant 
associative learning to occur within the BLA, especially fear-related 
associations (Benarroch, 2015). The BLA is often implicated in 
emotional learning through consolidation of fear memories and threat 

estimation in both rodents (Fanselow and Ledoux, 1999) and humans 
(Klumpers et al., 2015), with the BLA playing a key role in integrating 
and computing the valence of stimuli via emotional cues (Hortensius 
et al., 2016). The hyperconnectivity between the BLA and the thalamus 
observed in both male and female youths suggests that greater 
anxious-depressed symptoms may be related to an increased or biased 
orientation toward sensory and emotional information, perhaps leading 
to overestimation of threat – a key component of anxiety (Grupe and 
Nitschke, 2013). Interestingly, when age was included as a covariate in 

Table 3 
Peak coordinates of brain regions where amygdala connectivity varied as a 
function of anxious-depressed symptoms (Anx-Dep); z < 3.1, corrected for 
multiple comparisons at p < 0.05.  

Anxious-Depressed Modulation – Whole Amygdala 
MNI Peak (mm) Max 

X Y Z Z 

Female Anx-Dep þ Precentral Gyrus 2 � 16 48 4.37 
Female > Male Anx-Dep þ Posterior Mid-Cingulate 

Cortex 
6 � 8 44 4.56  

Anxious-Depressed Modulation – Basolateral Amygdala 
MNI Peak (mm) Max 

X Y Z Z 

Male and Female Anx-Dep þ Left Thalamus � 2 � 26 2 3.97  

Anxious-Depressed Modulation – Centromedial 
Amygdala 

MNI Peak (mm) Max 

X Y Z Z 

Female Anx-Dep þ Precentral Gyrus � 2 � 16 56 4.1 
Female > Male Anx-Dep þ Posterior Mid- 

Cingulate Cortex 
8 � 8 44 4.33  

Anxious-Depressed Modulation – Superficial Amygdala 
MNI Peak (mm) Max 

X Y Z Z 

Female Anx-Dep þ Supplementary Motor 
Area 

2 � 16 64 4.42 

Male Anx-Dep - Subcallosal Cortex 2 24 � 18 3.67 
Female > Male Anx-Dep þ Posterior Mid- 

Cingulate Cortex 
8 � 6 44 4.28  

Fig. 2. Amygdala rsFC and Anxious-Depressed Symptoms. 
Brain regions displaying connectivity modulated by anxious-depressed symptoms with the whole amygdala (green); centromedial amygdala (CMA, red); superficial 
amygdala (SFA, blue); both the whole amygdala and CMA (yellow); both the whole amygdala and SFA (cyan); both the CMA and SFA (pink); and the whole 
amygdala, CMA, and SFA (white). Scatterplots are included for illustrative purposes. Females displayed greater connectivity than males as a function of higher 
anxious-depressed symptoms; scatterplot shows that higher anxious-depressed symptoms were associated with greater whole amygdala connectivity in females 
(green triangles) as compared to males (open green circles). 

Table 4 
Peak coordinates of brain regions where amygdala connectivity varied as a 
function of somatic complaints (Somatic); z > 3.1, corrected for multiple com
parisons at p < 0.05.  

Somatic Complaints Modulation – Whole Amygdala 
MNI Peak (mm) Max 

X Y Z Z 

Female Somatic þ Posterior Mid-Cingulate Cortex � 8 � 6 42 4.09  

Somatic Complaints Modulation – Centromedial 
Amygdala 

MNI Peak (mm) Max 

X Y Z Z 

Female Somatic þ

Left Somatosensory 
Cortex 

� 40 � 24 34 4.36 

Right Somatosensory 
Cortex 58 0 26 3.93 

Female > Male Somatic þ
Left Precentral Gyrus � 50 � 6 26 4.57 
Right Precentral Gyrus 58 0 28 4.50  

Somatic Complaints Modulation – Superficial 
Amygdala 

MNI Peak (mm) Max 

X Y Z Z 

Female Somatic þ

Posterior Mid- 
Cingulate Cortex 

� 6 � 2 42 4.71 

Right Anterior 
Superior Temporal 
Gyrus 

60 0 � 4 4.17 

Left Central 
Operculum � 46 � 2 14 4.18 

Female > Male Somatic þ

Precentral Gyrus � 10 � 14 66 4.68 
Left Anterior 
Superior Temporal 
Gyrus 

� 42 � 2 � 18 4.05  
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the model, the relationship between BLA-thalamic connectivity and 
anxious-depressed symptomatology was no longer significant. Prior 
longitudinal work demonstrated that connectivity between the BLA and 
thalamus increases with age (Gabard-Durnam et al., 2014), and future 
longitudinal investigations might help uncover the interaction between 
age and internalizing symptoms on this circuit. No other 
symptom-related modulation specific to the BLA was observed, which is 
surprising given that rsFC of the BLA has been shown to be altered in 
adults with generalized anxiety disorder (Etkin et al., 2009), related to 
state anxiety in healthy adults (Baur et al., 2013), and even predictive of 
trait anxiety severity in healthy children (Qin et al., 2014). Nevertheless, 
our findings are consistent with the notion that hyperarousal to threat in 
response to sensory and emotional stimuli seen in anxiety disorders may 
be linked to altered thalamic-amygdala circuitry. 

With increasing anxious-depressed symptoms, females, compared to 

males, also showed greater connectivity between the whole amygdala – 
as well as the centromedial amygdala (CMA) and superficial amygdala 
(SFA) – with the pMCC, the SMA, and the precentral gyri, similar to prior 
work examining adolescents with subclinical depression (Scheuer et al., 
2017). Interestingly, the CMA, SFA, and BLA in adults all tend to show 
connectivity with the pMCC and surrounding motor regions (Kerestes 
et al., 2017). Our results similarly demonstrate connectivity between the 
pMCC and all examined amygdala subnuclei, suggesting that this 
amygdala-cingulate network develops prior to adulthood. The 
mid-cingulate cortex is associated with salience processing and alloca
tion of attentional and motor resources toward behaviorally relevant 
stimuli (Vogt, 2005). Specifically, the pMCC monitors the environment 
for salient stimuli and, through connections with the cingulate motor 
area and regions such as the precentral gyri and SMA, can coordinate 
bodily responses in the early anticipation of pain (Vogt, 2005). Tract 
tracing studies in rhesus monkeys (Morecraft et al., 2007) and diffusion 
tensor imaging studies in humans (Gr�ezes et al., 2014) have demon
strated direct anatomical connections between the amygdala and motor 
circuitry within the cingulate. This circuit might underlie motor be
haviors in socio-emotional contexts to promote either approach or 
avoidance behaviors. Indeed, these motor regions are also shown to be 
consistently activated during successful emotion regulation (Kohn et al., 
2014). Thus, the observation of hyperconnectivity between the amyg
dala and the pMCC, as well as other early motor regions, with increasing 
anxious-depressed symptoms may reflect greater engagement of this 
limbic-motor circuit in youth expressing higher symptomatology. Given 
that these regions are involved in emotion regulation, perhaps this 
network is especially primed and over-active in these children and 

Fig. 3. Amygdala rsFC Relationship and Somatic Complaints. 
Brain regions displaying connectivity modulated by somatic complaints with the centromedial amygdala (CMA, red) and the superficial amygdala (SFA, blue). 
Scatterplots are included for illustrative purposes. Females displayed greater connectivity than males as a function of higher somatic complaints; scatterplots show 
that CMA connectivity (red) and SFA connectivity (blue) was stronger as a function of greater somatic complaints in females (triangles) as compared to males 
(open circles). 

Table 5 
Peak coordinates of brain regions where amygdala connectivity varied as a 
function of withdrawn-depressed symptoms (W-D); z > 3.1, corrected for mul
tiple comparisons at p < 0.05.  

Withdrawn-Depressed Modulation – Whole Amygdala 
MNI Peak (mm) Max 

X Y Z Z 

Female W-Dþ Posterior Mid-Cingulate Cortex 2 � 10 48 4.48  

Withdrawn-Depressed Modulation – Superficial 
Amygdala 

MNI Peak (mm) Max 

X Y Z Z 

Female W-Dþ Precentral Gyrus � 6 � 16 66 4.5  
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adolescents who may regularly attempt to regulate their emotions and 
suppress feelings of anxiety, albeit perhaps unsuccessfully given their 
heightened symptomatology. 

While internalizing symptoms modulated amygdala connectivity to a 
lesser degree in males than in females, males did show reduced func
tional connectivity between the SFA and subcallosal cortex as a function 
of increasing anxious-depressed symptomatology. This result was un
expected given that the subcallosal cortex tends to be hyperconnected to 
the amygdala in both male and female adolescents with clinical 
depression relative to controls (Connolly et al., 2013), and that positive 
coupling between the whole amygdala and the subcallosal cortex in 
neurotypical youth 8-29 years old tends to remain steady over time 
(Duijvenvoorde et al., 2019). Here the opposite pattern of connectivity 
was observed in that males endorsing fewer anxious-depressed symp
toms showed stronger connectivity between the SFA and subcallosal 
cortex, whereas males with higher symptoms showed weaker connec
tivity. There are some potential explanations for these divergent find
ings. First, prior research demonstrating hyperconnectivity between the 
amygdala and the subcallosal cortex examined the whole amygdala, 
whereas our analyses identified hypoconnectivity only with the SFA 
(Connolly et al., 2013). The seemingly contradictory findings may thus 
reflect a finer level of analysis and/or degree of specificity within 
amygdalar subnuclei. Second, our sample consisted of 
typically-developing males expressing subclinical symptomatology; 
accordingly, this pattern of weaker SFA-subcallosal connectivity could 
reflect a compensatory or protective mechanism. Indeed, hyperactivity 
in the subcallosal cortex in depression is thought to index ruminative 
and self-referential processing (Nejad et al., 2013) and this hyperactivity 
has been shown to diminish after treatment in adults with depression 
(Hamani et al., 2011). Thus, despite the endorsement of some 
anxious-depressed symptoms, the hypoconnectivity between SFA and 
subcallosal cortex observed in our sample of neurotypical youth could 
actually help down-regulate activity in this region and guard against the 
onset of more severe symptoms. Of note, we also found that, when 
controlling for age, the relationship between SFA-subcallosal connec
tivity and anxious-depressed symptomatology was no longer significant, 
suggesting that age may account for a portion of the variance relating 
anxious-depressed symptoms to amygdala connectivity. Indeed, a 
moderation analysis revealed that weaker SFA-subcallosal connectivity 
as a function of anxious-depressed symptomology was more pronounced 
in younger, relative to older, males. A longitudinal follow-up would be 
required to determine whether connectivity within this SFA-subcallosal 
cortex circuit may confer resilience versus risk for the emergence of 
clinically meaningful symptomatology. 

Finally, females also displayed hyperconnectivity of the whole 
amygdala – as well as the CMA and SFA – in relation to somatic com
plaints, compared to males. More specifically, females showed stronger 
CMA connectivity with somatosensory cortices with greater somatic 
complaints. The CMA is involved in salience detection and is well con
nected with sensorimotor regions (LeDoux, 2007, 2000; Roy et al., 
2009). The observed hyperconnectivity between the CMA and somato
sensory cortices might reflect greater allocation of attentional resources 
to the processing of somatosensory information/interoceptive stimuli in 
female youth with heightened somatic complaints. Similarly, females 
also showed stronger connectivity between the SFA and the right STG, 
left central operculum, posterior insula, and pMCC as a function of 
increased somatic complaints; as compared to males, females also dis
played connectivity between the SFA and the left anterior STG and SMA. 
Of note, the increased SFA-insula connectivity was strongest with the 
posterior insula whose resting-state network is prominently associated 
with sensorimotor integration (Cauda et al., 2011). In this network, the 
posterior insula demonstrates connectivity with the amygdala as well as 
SMA and right STG (Cauda et al., 2011), which is considered a part of the 
“social brain” (Blakemore, 2008). This heightened SFA connectivity 
observed in females who express more somatic complaints is likely 
related to atypical sensorimotor and socio-emotional processing; 

however, future studies using a longitudinal design are needed to 
determine whether this hyperconnectivity reflects a compensatory 
mechanism or increased risk for worsening symptoms over time. 

To our knowledge, this study offers the first look into sex differences 
in amygdala functional connectivity profiles in relation to subclinical 
internalizing symptoms in typically-developing children and adoles
cents. However, there are important limitations and future directions to 
consider. Though we were able to investigate the impact of subclinical 
symptomatology on functional connectivity of the amygdala, the cross- 
sectional nature of this study prevents a full characterization of the 
likely bi-directional nature of the relationship between the emergence of 
internalizing symptoms and developmental changes in functional con
nectivity. While we found that the majority of our findings did not 
change when age was included as a covariate in our models, age effects 
were most prominent in analyses using the anxious-depressed subscale; 
this suggests that the relationship between amygdala connectivity and 
this class of symptoms might be the most impacted by age. Longitudinal 
studies investigating the relationship between amygdala connectivity, 
age, and anxious-depressed symptomatology are crucial to further un
derstanding this circuitry in developmental samples. Future research 
might also utilize a larger sample size with different age-cohorts to more 
fully address developmental issues, such as examining developmental 
changes in amygdala connectivity in relation to amygdala volume. 
Furthermore, since our sample consisted of typically-developing youth, 
the observed range of internalizing symptoms was limited. While this is 
expected in a sample of children and adolescents without a clinical 
diagnosis of any internalizing disorder, it does limit our ability to 
examine how functional connectivity might vary as a function of a 
broader range of internalizing symptoms. Future investigations incor
porating more clinically enriched samples with a wider range of symp
tom severity are needed to better understand the relationship between 
subclinical internalizing symptoms and amygdala connectivity. Never
theless, our findings highlight the importance of considering individual 
variability within samples of putatively neurotypical youth, especially in 
the context of comparisons with a clinical sample. Future studies 
involving developmental samples may also want to consider the 
moderating effect of factors such as socioeconomic status and presence 
of other comorbidities. 

In conclusion, this work highlights the shared and distinct functions 
of the amygdala and its subnuclei as hubs of neural integration of 
salience, action, emotion, and sensory processing. Compared to males, 
females displayed greater internalizing symptoms and greater modula
tion of amygdala circuits in relation to these symptoms. In accordance 
with taking a dimensional approach toward psychiatric disorders, this 
work demonstrates that the effects of subclinical symptomatology on 
neural circuitry can be readily detected in neurotypical populations. 
This lays the groundwork for future research investigating whether 
these network atypicalities could be predictive of worsening symptoms 
and/or of a future clinical diagnosis. These early alterations in amygdala 
functional connectivity may reflect risk for the onset of an internalizing 
disorder in the future but they could also reflect neuroplasticity that 
could promote resilience. Longitudinal investigations with large sam
ples, such as the Adolescent Brain Cognitive Development Study (ABCD 
Study; http://abcdstudy.org), will help further elucidate the complex 
nature of these brain-behavior relationships and ultimately inform early 
screening, diagnosis, and interventions for psychiatric disorders that 
emerge during adolescence. 
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Appendix A. CBCL Instructions and Questions 

CBCL Instructions: 
Below is a list of items that describe children and youths. For each 

item that describes your child now or within the past 6 months, please 
circles the 2 if the item is very true or often true of your child. Circle the 
1 if the item is somewhat or sometimes true of your child. If the item is 
not true of your child, circle the 0. Please answer all the items as well as 
you can, even if some do not seem to apply to your child. 

0 ¼ Not True (as far as you know) 
1 ¼ Somewhat or Sometimes True 
2 ¼ Very True or Often True 
CBCL Questions – separated by subscale: 
Anxiety-Depression: 
14. Cries a lot 
29. Fears certain animals, situations, or places, other than school 

(describe): ___ 
30. Fears going to school 
31. Fears he/she might think or do something bad 
32. Feels he/she has to be perfect 
33. Feels or complains that no one loves him/her 
35. Feels worthless or inferior 
45. Nervous, high strung, or tense 
50. Too fearful or anxious 
52. Feels too guilty 
71. Self-conscious or easily embarrassed 
91. Talks about killing self 
112. Worries 
Somatic Complaints: 
47. Nightmares 
49. Constipated, doesn’t move bowels 
51. Feels dizzy or lightheaded 
54. Overtired without good reason 
56. Physical problems without known medical causes:  

a Aches or pains (not stomach or headaches)  
b Headaches  
c Nausea, feels sick  
d Problems with eyes (not if corrected by glasses): describe __  
e Rashes or other skin problems  
f Stomachaches  
g Vomiting, throwing up  
h Other (describe): __ 

Withdrawn-Depressed 
5. There is very little he/she enjoys 
42. Would rather be alone than with others 
65. Refuses to talk 
69. Secretive, keeps things to self 
75. Too shy or timid 
102. Underactive, slow moving, or lacks energy 

103. Unhappy, sad, or depressed 
111. Withdrawn, doesn’t get involved with others 

Appendix B. Supplementary data 

Supplementary material related to this article can be found, in the 
online version, at doi:https://doi.org/10.1016/j.dcn.2020.100797. 
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