
UC San Diego
UC San Diego Previously Published Works

Title
Resting-state functional connectivity of the amygdala and longitudinal changes in 
depression severity in adolescent depression

Permalink
https://escholarship.org/uc/item/5g27c2ck

Authors
Connolly, Colm G
Ho, Tiffany C
Blom, Eva Henje
et al.

Publication Date
2017

DOI
10.1016/j.jad.2016.09.026
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/5g27c2ck
https://escholarship.org/uc/item/5g27c2ck#author
https://escholarship.org
http://www.cdlib.org/


Resting-state functional connectivity of the amygdala and 
longitudinal changes in depression severity in adolescent 
depression

Colm G. Connolly, PhD1,‡, Tiffany C. Ho, PhD1,2, Eva Henje Blom, MD, PhD1,3, Kaja Z. 
LeWinn, ScD1, Matthew D. Sacchet, ScB1,2,4, Olga Tymofiyeva, PhD5, Alan N. Simmons, 
PhD6,7, and Tony T. Yang, MD, PhD1

1Department of Psychiatry, Division of Child and Adolescent Psychiatry, and Weill Institute for 
Neurosciences, University of California, San Francisco, 401 Parnassus Avenue, San Francisco, 
CA, USA.

2Department of Psychology, Stanford University, Stanford, CA, USA.

3Department of Clinical Neuroscience, Karolinska Institutet, Stockholm, Sweden

4Neurosciences Program, Stanford University, Stanford, CA, USA.

5Department of Radiology & Biomedical Imaging, University of California, San Francisco, 1700 
4th St., San Francisco, CA, USA.

6Department of Psychiatry, University of California, San Diego, 9500 Gilman Dr., La Jolla, CA, 
USA.

7Veterans Affairs San Diego Health Care System, La Jolla, CA, USA.

Abstract

Background—The incidence of major depressive disorder (MDD) rises during adolescence, yet 

the neural mechanisms of MDD during this key developmental period are unclear. Altered 

amygdala resting-state functional connectivity (RSFC) has been associated with both adolescent 

and adult MDD, as well as symptom improvement in response to treatment in adults. However, no 

study to date has examined whether amygdala RSFC is associated with changes in depressive 

symptom severity in adolescents.

Method—We examined group differences in amygdala RSFC between medication-naïve 

depressed adolescents (N=48) and well-matched healthy controls (N=53) cross-sectionally. We 

then longitudinally examined whether baseline amygdala RSFC was associated with change in 

depression symptoms three months later in a subset of the MDD group (N=24).

Results—Compared to healthy controls, depressed adolescents showed reduced amygdala-based 

RSFC with the dorsolateral prefrontal cortex (DLPFC) and the ventromedial prefrontal cortex 
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(VMPFC). Within the depressed group, more positive baseline RSFC between the amygdala and 

insulae was associated with greater reduction in depression symptoms three months later.

Limitations—Only a subset of depressed participants was assessed at follow-up and treatment 

type and delivery were not standardized.

Conclusions—Adolescent depression may be characterized by dysfunction of frontolimbic 

circuits (amygdala-DLPFC, amygdala-VMPFC) underpinning emotional regulation, whereas those 

circuits (amygdala-insula) subserving affective integration may index changes in depression 

symptom severity and may therefore potentially serve as a candidate biomarker for treatment 

response. Furthermore, these results suggest that the biomarkers of MDD presence are distinct 

from those associated with change in depression symptoms over time.

Keywords

Adolescent major depression; resting-state; amygdala; dorsolateral prefrontal cortex; ventromedial 
prefrontal cortex

Introduction

Major depressive disorder (MDD) is one of the world’s major causes of disability (Ferrari et 

al., 2013). The incidence of major depressive disorder (MDD) increases markedly during 

adolescence, with estimates of up to 20% of youths affected (Kessler et al., 2007). Moreover, 

adolescent-onset depression is often recurrent, persists into adulthood, and is associated with 

higher risk of negative outcomes (Birmaher et al., 1996). Thus there is a pressing need to 

develop brain-based biomarkers that are diagnostic of disorder state and that are associated 

with change in depression severity over time (Dunlop and Mayberg, 2014). These may 

ultimately aid in making a diagnosis and have clinical value in determining the utility of 

continuing a treatment intervention early in its course, obviating the need to wait until 

treatment completion to determine efficacy (Dunlop and Mayberg, 2014).

Increased amygdala activation to emotional stimuli has been linked to adult (Drevets, 2000) 

and adolescent depression (Hulvershorn et al., 2011; Yang et al., 2010). Normalization of 

amygdala activation to emotional stimuli has also been associated with successful 

pharmacological and psychotherapeutic interventions for depression in both adults (Arnone 

et al., 2012; Fu et al., 2008; Godlewska et al., 2012; Sheline et al., 2001) and adolescents 

(Straub et al., 2015; Tao et al., 2012). In resting-state functional connectivity (RSFC) 

studies, reduced amygdala connectivity with the ventral frontal cortex has been observed in 

depressed adults (Tang et al., 2013; Veer et al., 2010), greater positive amygdala RSFC with 

the DLPFC has been observed in depressed adolescents relative to healthy controls 

(Pannekoek et al., 2014), and reduced amygdala RSFC with hippocampus and 

parahippocampus has been associated with greater depression symptom severity in 

depressed adolescents (Cullen et al., 2014). Finally, recent research in depressed adults has 

shown that greater symptom improvement in response to treatment was associated with 

reduced amygdala connectivity with several brain regions (e.g., dorsal mid-cingulate) critical 

to emotion processing (Lui et al., 2011; Salomons et al., 2014). These results suggest that 
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the amygdala RSFC may serve as a useful biomarker of treatment response in depressed 

adolescents.

The amygdala is but one component of a large network of regions that subserve emotion 

generation and regulation functions. One of these regions, the dorsolateral prefrontal cortex 

(DLPFC) is critical to executive function (Miller and Cohen, 2001) and is involved in 

voluntary emotion control (Ochsner and Gross, 2005; Phillips et al., 2008) with recent 

studies suggesting that it is critical to emotion reappraisal in healthy adults, adolescents, and 

children (Goldin et al., 2008; McRae et al., 2012). In depressed adults, reduced DLPFC-

amygdala connectivity has been reported during emotional regulation (Erk et al., 2010) 

whereas in healthy controls greater connectivity was associated with more successful 

regulation (Banks et al., 2007). Furthermore, increased RSFC of a network of regions that 

includes the DLPFC has been reported in depressed adolescents (Jiao et al., 2011; Jin et al., 

2011). The DLPFC is, however, sparsely connected with the amygdala (Price, 2005). Instead 

it is thought that the DLPFC influences the amygdala indirectly via the ventromedial 

prefrontal cortex (VMPFC) with which it is heavily interconnected (Öngür and Price, 2000).

The VMPFC plays a central role in human social and affective functioning (Mitchell, 2011) 

with much of its functions accomplished automatically as for example during extinction of 

previously conditioned behaviors (Milad and Quirk, 2002; Morgan et al., 2003) (see Phillips 

et al., 2008 for review). Like the DLPFC, the VMPFC is important to emotion reappraisal 

and is thought to accomplish its role in emotional regulation via its extensive connectivity 

with subcortical structures such as the amygdala (Ghashghaei et al., 2007). Greater VMPFC 

activity in combination with reduced amygdala activity has been associated with reduced 

negative affect in healthy adolescents (Pitskel et al., 2011) and adults (Johnstone et al., 2007; 

Urry et al., 2006). Increased VMPFC activity when observing happy faces coupled with 

decreased VMPFC activity when looking at sad faces was observed in depressed adults, 

whereas the pattern was reversed in healthy adults (Keedwell et al., 2005). Similarly, 

depressed adolescents displayed reduced amygdala-VMPFC functional connectivity during 

emotional reappraisal of negative images (Perlman et al., 2012).

The primary aim of the present study was to examine the RSFC of the amygdala in 

adolescent depression to replicate prior studies in a larger sample with a view to identifying 

biomarkers of the presence/absence of depression and those potentially associated with 

change in depression symptoms over time. We hypothesized that, relative to healthy 

controls, depressed adolescents would display reduced connectivity of the amygdala with 

regions critical to the volitional (DLPFC) and automatic (VMPFC) regulation of emotions. 

Finally, we explored whether amygdala RSFC would predict changes in depression severity 

three months later.

Material and Methods

Participants

Of 143 participants recruited, 101 (48 unmedicated MDD and 53 healthy controls (HCL)) 

were included in this study (see supplement for exclusion/inclusion criteria). Though a 

subset of these participants was reported on elsewhere (Connolly et al., 2013; Ho et al., 
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2015; Sacchet et al., 2016), the present investigation includes previously unpublished 

longitudinal data. See supplement for specific details on overlap with prior studies. 

Participants provided written informed assent and their parents/legal guardians supplied 

written informed consent. The institutional review boards at University of California (UC) 

San Diego, UC San Francisco, Rady Children’s Hospital, and the county of San Diego 

approved this study.

Assessment

At baseline, all potentially depressed adolescents were administered the Schedule for 

Affective Disorders and Schizophrenia for School-Age Children-Present and Lifetime 

Version (Kaufman et al., 1997). At baseline, healthy control participants were administered 

the Diagnostic Interview Schedule for Children (Shaffer et al., 2000) and Diagnostic 

Predictive Scale (Lucas et al., 2001) instruments to screen for the presence of DSM-IV-TR 

Axis I disorders.

All participants completed the Children’s Depression Rating Scale-Revised (CDRS-R) 

(Poznanski, 1996), the Reynolds Adolescent Depression Scale (RADS-2) (Osman et al., 

2010), the Children’s Global Assessment Scale (CGAS) (Dyrborg et al., 2000), the 

Multidimensional Anxiety Scale for Children (MASC) (March et al., 1997), and the 

Wechsler Abbreviated Scale of Intelligence (Wechsler, 1999) at baseline. At three months 

follow-up, participants completed the CDRS-R, RADS-2, MASC, and CGAS.

The two groups were well-matched on age, gender, socioeconomic status, and pubertal 

status. All participants were right-handed. See supplement for details.

Demographics and Clinical Scales Analysis

Analyses were conducted in R (R Development Core Team, 2012). Baseline between-group 

differences were assessed using Welch t-tests for age, WASI, CDRS-R, RADS-2, CGAS, 

and MASC. Socioeconomic and Tanner stage differences were assessed using the Wilcoxon 

rank-sum test. Between-group differences in proportions were assessed with the χ2 test of 

equal proportions. Difference scores from baseline to follow-up were calculated for CDRS-

R, RADS-2, CGAS, and MASC (see supplement). Linear mixed effects models evaluated 

between-group differences in these scores. All tests were two-tailed.

Baseline MR Data Acquisition and Analysis

Functional magnetic resonance imaging (fMRI) data were acquired on a 3T GE MR750 

MRI system (Milwaukee, WI) at UC San Diego. One 8 min 32 sec T2*-weighted echo 

planar image (EPI) scan (256 volumes TR/TE=2s/30ms, flip angle=90°, 64×64 matrix, 

3×3×3mm voxels, 40 axial slices, parallel imaging method: ASSET, acceleration factor: 2) 

was acquired. A T1-weighted (T1w) scan (TR/TE=8.1ms/3.17ms, flip angle=12°, 256×256 

matrix, 1×1×1mm voxels, 168 sagittal slices) was acquired to permit spatial normalization 

and functional localization. Participants were instructed to lay as still as possible, look at a 

fixation cross centrally displayed on a screen at the foot of the scanner and viewed via a 

head coil-mounted mirror, and not to fall asleep. After the scan, participants were asked 

whether they had fallen asleep. None reported having done so.
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Analysis was performed using AFNI (Cox, 1996) and FSL (Smith et al., 2004). T1w images 

were skull-stripped and transformed to MNI152 space using linear (Jenkinson et al., 2002; 

Jenkinson and Smith, 2001) and nonlinear (Andersson et al., 2007) alignment. Cerebrospinal 

fluid (CSF), grey matter (GM), and white matter (WM) were then segmented (Zhang et al., 

2001).

EPI time-series were slice-time and motion corrected, aligned to the T1w images (Saad et 

al., 2009), and smoothed with a 4.2mm full-width at half-maximum isotropic Gaussian 

kernel within a GM mask. All data were simultaneously band-pass filtered (0.009 – 0.08 Hz) 

before regression (Hallquist et al., 2013). To control for physiological processes, signal 

associated with CSF, WM, motion, and their detrended derivatives was removed from the 

EPI time-series using multiple linear regression (Fox et al., 2005). Censoring of outlier 

volumes and those contaminated by excessive motion was performed (Power et al., 2012). 

The cleaned time-series were transformed to MNI152 standard space at 3×3×3mm 

resolution for subsequent analyses. See supplement for details.

Amygdala RSFC Analysis

Two amygdalae seeds (one per hemisphere) were created as the union of the basolateral, 

superficial and centromedial amygdala regions in the boundaries of the Jülich histological 

atlas (Amunts et al., 2005). Only voxels with at least 50% probability of belonging to each 

of the three subdivisions were included. See supplement for details. The Pearson correlation 

of the average seed time-series and cleaned whole-brain EPI time-series was computed and 

subjected to Fisher’s r-to-z transform.

Baseline Between-Group RSFC Analysis

Between-group differences in RSFC of each seed were assessed by whole-brain voxel-wise 

t-tests with subsequent correction for multiple comparisons (see below and supplement). 

Due to the presence of a between-group difference in full IQ scores (see below), WASI full 

score was included as a covariate.

Follow-up CDRS-R Regression Analysis

To explore the relationship between baseline amygdala RSFC and difference in depression 

symptom ratings between baseline and follow-up, we used voxel-wise whole-brain robust 

regression implemented in R (R Development Core Team, 2012) within the MDD group. 

Only CDRS-R change score showed a significant baseline to follow-up difference, 

consequently, we only examined CDRS-R. To obtain unbiased estimates, t-statistics were 

computed using a bootstrap (Davison and Hinkley, 1997) estimate of each partial regression 

coefficient’s standard error. This was accomplished with the boot package (Canty and 

Ripley, 2015) in R and employed 1000 samples with replacement per voxel. Due to the 

observation that functional connectivity patterns of the brain can change over time (Fair et 

al., 2009; Power et al., 2010), age was included as a nuisance covariate and correction for 

multiple comparisons was subsequently performed (see below and supplement).
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Thresholding and Multiple Comparisons Correction

Between-group and regression analyses were required to pass two-tailed voxel-wise 

statistical thresholds (voxel-wise p=0.05; between-group: t(97)=1.98; follow-up regression: 

t(21)=2.08). Minimum cluster sizes, determined by Monte-Carlo simulations that accounted 

for the estimated smoothing, were 4, 895μL and 4, 995μL for the between-group and 

regression analyses, respectively. Bonferroni correction compensated for the number of 

amygdala seed regions. The corrected cluster-wise p was 0.05/2=0.025. (See supplement for 

more details).

Results

Demographics and Clinical Scales

The two groups did not differ on age, socioeconomic status, gender, or Tanner stage (all 

p>0.05). The MDDs had lower IQ scores than HCLs (all p<0.01); thus, full IQ score was 

included as a covariate in the between-group analysis. The MDD group endorsed greater 

levels of depression and anxiety and lower levels of psychosocial function than the HCL 

group (all p<0.05) at baseline.

Only the CDRS-R change score showed a significant between-group difference (p<0.05) 

with MDDs displaying reduced CDRS-R score at follow-up compared to controls (see Table 

1 and supplement). RADS-2, CGAS, and MASC showed no effect of group (all p>0.1; see 

supplement). Consequently, the follow-up regression analysis only examined CDRS-R.

Baseline Between-Group RSFC Analysis

Compared to HCL, depressed adolescents showed primarily reduced RSFC between each of 

the amygdala seeds and the rest of the brain (Table 2). The MDD group displayed reduced 

connectivity between the right amygdala and the bilateral DLPFC. Connectivity between 

ventrolateral and ventromedial prefrontal cortex (VLPFC, VMPFC) and right amygdala was 

also reduced in the MDD group relative to controls. The MDD group exhibited reduced 

RSFC between the left amygdala and both the left DLPFC and VMPFC. See Figure 1.

Follow-up CDRS-R Regression Analysis

Regions showing a significant relationship between change in CDRS-R and amygdala RSFC 

are shown in Table 3. Greater baseline positive RSFC between the right amygdala and the 

orbital middle frontal gyrus was associated with greater CDRS-R score at follow-up. Greater 

baseline positive connectivity between the right amygdala and the bilateral insulae was 

associated with reduced follow-up CDRS-R score.

Discussion

We compared the RSFC of the amygdala in a relatively large group of unmedicated 

depressed adolescents to a group of well-matched healthy controls and assessed whether 

RSFC of the amygdala at baseline predicted change in depression severity three months later 

within the depressed adolescents only. We report three main findings. First, in the baseline 

analysis, depressed adolescents demonstrated reduced RSFC between bilateral amygdala 
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and DLPFC compared to HCLs. Secondly, also in the baseline analysis, depressed 

adolescents showed decreased RSFC between amygdala and VLPFC and VMPFC compared 

to HCLs. Finally, in the follow-up analysis, more positive RSFC between the amygdala and 

bilateral insulae at baseline is associated with greater reduction in depression symptom 

severity over time. These results support the hypothesis that adolescent depression may be 

characterized by disruption of circuits critical to volitional and automatic regulation of 

emotion. Furthermore, change in depression symptoms over time may be related to aberrant 

circuits involved in the integration of emotional and hedonic information. Interestingly, our 

results suggest that biomarkers of MDD in adolescents are distinct from those associated 

with change in depression symptoms over time.

We observed significantly reduced RSFC between DLPFC and the amygdalae in MDD 

compared to HCL. The DLPFC is a core region involved in executive brain function (Miller 

and Cohen, 2001), is involved in the volitional regulation of emotions (Ochsner and Gross, 

2005; Phillips et al., 2008) and is important to the reappraisal of emotional stimuli in healthy 

children, adolescents and adults (Goldin et al., 2008; McRae et al., 2012). Greater amygdala-

DLPFC connectivity has been shown to be associated with more successful regulation of 

emotions (Banks et al., 2007) and reduced DLPFC activation has been observed in depressed 

adults during emotional regulation (Erk et al., 2010) which moderates with remission 

(Mayberg et al., 1999). Resting-state fMRI studies reported reduced intra-regional 

synchronization of the BOLD signal in of the DLPFC in both depressed elderly adults (Liu 

et al., 2012) and older adults with sub-threshold depression (Ma et al., 2013). Of the RSFC 

studies of depressed adolescents reporting DLPFC involvement, one has identified elevated 

DLPFC activity at rest (Jiao et al., 2011) while another described increased connectivity of 

the DLPFC in depressed adolescents (Jin et al., 2011). However, neither of these studies 

used seed-based RSFC analyses, so the discrepancy with the present results could be 

methodological in origin. The involvement of the DLPFC in reappraisal of emotional stimuli 

and regulation of emotion coupled with the observation of reduced amygdala-DLPFC 

connectivity suggest disruption in the network of brain regions responsible for emotion 

regulation in adolescent depression.

We observed significantly reduced RSFC between the VLPFC and VMPFC and the 

amygdalae in MDD compared to controls. The VMPFC is an important structure in human 

social and affective function (Damasio, 1996; Fellows, 2011; Quirk and Beer, 2006) and is 

centrally implicated in the pathophysiology of mood disorders (Myers-Schulz and Koenigs, 

2012; Price, 1999). VMPFC is critical to affect processing and regulation, particularly by 

changing conditioned associations of stimuli, facilitating the regulation of responses to 

conditioned and unconditioned stimuli, and by mediating the complex relationship between 

internal states and external stimuli (Mitchell, 2011). The amygdala is similarly critical to the 

pathophysiology of depression (Drevets, 2000; Perlman et al., 2012) and the two structures 

are richly interconnected (Öngür, 2000). The VMPFC also plays a role in emotional 

reappraisal. For example, greater VMPFC activation coupled with reduced amygdala activity 

has been associated with reduced negative affect (Johnstone et al., 2007; Urry et al., 2006) 

during reappraisal in healthy adults. Ventrolateral PFC (VLPFC) activity has also been 

associated with amygdala regulation in healthy adults with the suggestion that, in the 

absence of direct VLPFC-amygdala structural connectivity (Price, 2005), the effect is 
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mediated by the VMPFC (Johnstone et al., 2007). In the child and adolescent literature, 

VMPFC activity has been associated with reappraisal with activity declining with age 

(McRae et al., 2012). The inverse relationship between VMPFC and amygdala activity 

reported in adults (Johnstone et al., 2007; Urry et al., 2006) has also been observed in 

adolescents during emotional regulation (Pitskel et al., 2011). Resting-state studies of 

depressed adults have shown reduced connectivity between amygdala and ventral PFC in 

treatment naïve adults (Ramasubbu et al., 2014; Tang et al., 2013). Additionally, increased 

connectivity in a network including the ventromedial and orbital frontal regions has been 

reported though with no amygdala involvement (Zhu et al., 2012). Only one study in a 

sample of depressed adolescents has reported differences involving amygdala and ventral 

PFC. Using a graph-theoretic approach, increased connectivity among a network of regions 

involving the amygdala and ventromedial PFC has been reported (Jin et al., 2011). 

Reconciling the discrepant nature of these findings in adults and adolescents is complicated 

by the use of different analytic techniques. In light of the importance of PFC, including both 

ventrolateral and ventromedial portions, to emotion regulation, the altered connectivity 

between these regions and the amygdala further suggests the disruption of circuits critical to 

emotional regulation in adolescent depression.

In the MDD group, we observed greater positive connectivity between the right amygdala 

and right insula and between the left amygdala and the left insula (Figure 2) that was 

associated with greater reduction in depression severity over time. The insula is thought to 

be critical to the integration and awareness of autonomic, visceral, and hedonic information 

(Craig, 2009) and it has been implicated in depression-relevant processes such as 

interoception, emotional self-awareness, decision making and cognitive control (Craig, 

2009). A growing body of literature has identified insular dysfunction in adolescents at-risk 

for (Gotlib et al., 2010) and with depression (Ho et al., 2015; 2013; 2014; Perlman et al., 

2012; Yang et al., 2010). Additionally, resting-state studies showed altered patterns of 

insular connectivity in both adults (Jacobs et al., 2016; Tahmasian et al., 2013; Veer et al., 

2010) and adolescents (Connolly et al., 2013; Cullen et al., 2009; Jin et al., 2011). Change in 

insula activity arises in diverse treatments such as deep brain stimulation (Mayberg et al., 

2005), mindfulness (Fu et al., 2013), and medication (Kennedy et al., 2001). It has been 

suggested that insular activity may be a useful treatment-specific biomarker to identify 

patients who may most benefit from either cognitive behavioral therapy (CBT) or 

pharmacotherapy (McGrath et al., 2013). The present results, in combination with these 

prior studies, suggest that in addition to insular activation, amygdala-insula RSFC may be 

related to change in symptom severity over time.

Three prior studies have examined amygdalar RSFC in children (Luking et al., 2011) and 

adolescents (Cullen et al., 2014; Pannekoek et al., 2014). The regions identified by Luking et 

al. (Luking et al., 2011) and Pannekoek et al. (Pannekoek et al., 2014) overlap with those 

reported here insofar as both studies report altered amygdalar functional connectivity with 

regions important to emotion regulation (e.g., middle and inferior frontal gyri). Differences 

among these and the current results arise in the direction of the RSFC relationship: Luking et 

al. report reduced negative connectivity between amygdala and a network that included 

DLPFC, Pannekoek et al. reported greater positive connectivity between the amygdala and 

DLPFC, whereas here we reported reduced positive connectivity between amygdala and 
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DLPFC. The results reported by Cullen et al (Cullen et al., 2014) stand in contrast the 

present results and those of Pannekoek and Luking insofar as Cullen reported no amygdalar 

connectivity differences with any dorsolateral executive regions. The results reported herein 

differ from adults studies that showed that amygdala RSFC was related to treatment 

response (Lui et al., 2011; Salomons et al., 2014). These adult studies showed that reduced 

connectivity within a network of structures, including limbic, prefrontal and insular regions 

that are known to be important to emotion processing (Kober et al., 2008) was associated 

with better treatment response. The reasons for the discrepancies among these studies are 

various and likely include diagnostic heterogeneity, age range, illness chronicity, 

developmental stage, inclusion/exclusion criteria, analytic techniques, and sample size, 

among others. Developmental stage may explain a substantial amount of the heterogeneity in 

amygdala RSFC as changes in amygdala connectivity directionality have been associated 

with maturation (Gee et al., 2013). The lack of consistency both within the adolescent 

studies and between adolescent and adult studies will require larger studies, possibly 

involving the pooling of data from multiple sites as is now becoming possible with the 

advent of consortia such as ENIGMA (Thompson et al., 2015; 2014) and IMAGEN 

(Schumann et al., 2010). Consortia such as these can facilitate the exploration of indictors of 

depression and predictors of treatment response across the course of development, thus 

enabling the exploration of the consistency of these biomarkers over ontogenesis.

Our results are clinically significant insofar as they show that the biomarkers of MDD 

presence are distinct from those associated with change in depression symptoms over time. 

This is consistent with the notion that biomarkers of illness presence need not overlap with 

those associated with change in the illness symptoms or predictors of future illness state or 

treatment response/success (Dunlop and Mayberg, 2014). Although our results were not 

derived from the assessment of specific treatments (which the present study was 

underpowered to assess), they may form a basis for the development of biomarkers that may 

adjudicate treatment efficacy and/or lead to the development of treatment-selection 

biomarkers that permit the personalization of treatment and maximization of treatment 

outcomes.

While this is the largest RSFC investigation of amygdala connectivity in adolescent 

depression, this study is not without limitations. While there is considerable theoretical and 

empirical evidence in the neuroimaging literature of MDD to focus our analyses on the 

amygdala, by concentrating on the amygdala, RSFC alterations in other networks may have 

been overlooked. Moreover, several of our participants had comorbid anxiety disorders; as 

adolescent depression is a highly comorbid disorder (Choy et al., 2007; Costello et al., 2003; 

Kilpatrick et al., 2003), the inclusion of such participants makes our sample more 

representative of patients seen in clinics and contributes to the generalizability of our 

findings. Nevertheless, studies investigating amygdala RSFC in anxiety disorders (Hamm et 

al., 2014; Roy et al., 2013) have reported results that overlap with some of those reported 

herein. Future studies are therefore required to ascertain the specificity of the present results. 

We did not observe widespread reduction in connectivity in the MDD group as compared to 

the healthy controls in the present sample of participants when investigating a small number 

of seeds (amygdala and (in the supplement) subgenual anterior cingulate and DLPFC). 

Nevertheless, we cannot rule out the possibility that MDD may be characterized by 
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widespread reduction in connectivity that may only be observable when examining the 

interrelationships among a large network of regions (Sacchet et al., 2016). Finally, future 

studies are required to replicate our findings predicting change in depression symptom 

severity from amygdala RSFC. The depressed adolescents in the present study were not part 

of an intervention designed to deliver standardized treatment. Rather, they were treated by 

their own psychiatrists and underwent a variety of treatments including no therapy, 

psychotherapy, and medication. This makes inferring the source of the effect in the follow-

up analysis difficult. In particular, future studies should endeavor to establish whether 

amygdala-insula RSFC is a biomarker of response to a particular treatment (e.g., CBT, 

pharmacotherapy) and thus may serve as a treatment-specific biomarker or whether it is a 

more general index of treatment response irrespective of treatment type. Furthermore, these 

should include larger samples and ideally include multiple timepoints so as to more fully 

characterize the temporal relationship between RSFC and depression symptomatology.

In summary, we examined the RSFC of the amygdalae in a large sample of medication-naive 

depressed adolescents compared to well-matched healthy controls. Relative to controls, 

depressed adolescents exhibited reduced amydalar connectivity with the DLPFC, VMPFC, 

and VLPFC. Within the depressed adolescents, greater positive RSFC between amygdala 

and insulae was associated with greater reduction in depression severity over time. These 

results suggest that adolescent depression may be characterized by dysfunction of the neural 

circuits underpinning emotional regulation, whereas those subserving affective integration 

(amygdala-insula) may index changes in depression symptom severity and may therefore 

potentially serve as a candidate biomarker for treatment response.
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Figure 1. 
Regions that showed a significant baseline between-group differences in the functional 

connectivity of the amygdalae. Bar charts depict mean functional connectivity with the 

amygdala seed. Error-bars indicate standard error of the mean. PFC, prefrontal cortex.
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Figure 2. 
Regions that showed a significant relationship between amygdala functional connectivity 

and change in depression symptoms over three months. Δ CDRS-R < 0 implies a reduction 

of CDRS-R score over time.
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Table 1

Participant demographic and clinical characteristics.

Characteristic MDD a HCL a Statistic b, c p

Participants recruited 66 77 χ2(1)=0.70 0.40

Participants dropped because of excessive motion 18 24 χ2(1)=0.60 0.44

Participants in final analysis 48 53 χ2(1)=0.16 0.69

Gender (M/F) 19/29 20/33 χ2(1)=0.00 1.00

Age at scan (years) 16.1 ± 1.3 16.1 ± 1.3 t(97.08)=−0.08 0.93

Hollingshead Socioeconomic Score† 35 ± 37.5 29 ± 36.2 [1] W=1392 0.32

Tanner Score† 4 ± 0.5 4 ± 1 W=1432 0.25

Wechsler Abbreviated Scale of Intelligence (Full) 100.2 ± 11.6 109.8 ± 12.4 t(98.87)=−3.99 <0.001

Children's Global Assessment Scale 64.2 ± 12 90.9 ± 5.7 t(66.00)=−14.02 <0.001

Children's Depression Rating Scale d 70.2 ± 9.5 32.8 ± 4 t(61.68)=25.28 <0.001

Reynolds Adolescent Depression Scale Total d 64.7 ± 9.2 40.8 ± 7.4 [1] t(90.11)=14.24 <0.001

Multidimensional Anxiety Scale for Children d 58 ± 8.9 [3] 42.1 ± 8.4 [1] t(91.24)=9.03 <0.001

Children's Depression Rating Scale d

Participants in analysis 24 11

Days between assessments 99.8 ± 19.6
[1]

109 ± 22.9 t(17.28)=−1.15 0.27

Difference in CDRS-R from baseline to follow-up −4.7 ± 9.2 2.1 ± 8.0 F(1, 33)=4.41 <0.05

Baseline 68.3 ± 10.0 32.5 ± 2.9

Three months follow-up 63.6 ± 11.4 34.6 ± 7.6

Comorbid Diagnoses in the MDD Group

No comorbid diagnoses e 29

Generalized Anxiety Disorder (Current/Past) 12/11

Specific Phobia (Current/Past) 4/4

Anxiety Disorder Not Otherwise Specified
(Current/Past)

1/1

Post-Traumatic Stress Disorder (Current/Past) 5/3

a
Mean ± SD or median ± IQR if indicated by †. [] indicated the number of missing data points.

b
Statistic: W, Wilcox rank sum test; χ2, χ2 test for equality of proportions; t, Student’s T test.

c
Statistics for clinical scales refer only to participants included in the final analysis.

d
Standardized

e
The KSADS data for 4 participants was mislaid after diagnosis. Consequently, no comorbidity information is available for those participants.

Abbreviations: CI, Confidence Interval; SD, standard deviation; IQR, interquartile range; M, male; F, female.
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