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IMPORTANCE Major depressive disorder (MDD) frequently emerges during adolescence and
can lead to persistent illness, disability, and suicide. The maturational changes that take place
in the brain during adolescence underscore the importance of examining neurobiological
mechanisms during this time of early illness. However, neural mechanisms of depression in
adolescents have been understudied. Research has implicated the amygdala in emotion
processing in mood disorders, and adult depression studies have suggested amygdala-frontal
connectivity deficits. Resting-state functional magnetic resonance imaging is an advanced
tool that can be used to probe neural networks and identify brain-behavior relationships.

OBJECTIVE To examine amygdala resting-state functional connectivity (RSFC) in adolescents
with and without MDD using resting-state functional magnetic resonance imaging as well as
how amygdala RSFC relates to a broad range of symptom dimensions.

DESIGN, SETTING, AND PARTICIPANTS A cross-sectional resting-state functional magnetic
resonance imaging study was conducted within a depression research program at an
academic medical center. Participants included 41 adolescents and young adults aged 12 to 19
years with MDD and 29 healthy adolescents (frequency matched on age and sex) with no
psychiatric diagnoses.

MAIN OUTCOMES AND MEASURES Using a whole-brain functional connectivity approach, we
examined the correlation of spontaneous fluctuation of the blood oxygen level–dependent
signal of each voxel in the whole brain with that of the amygdala.

RESULTS Adolescents with MDD showed lower positive RSFC between the amygdala and
hippocampus, parahippocampus, and brainstem (z >2.3, corrected P < .05); this connectivity
was inversely correlated with general depression (R = −.523, P = .01), dysphoria (R = −.455,
P = .05), and lassitude (R = −.449, P = .05) and was positively correlated with well-being
(R = .470, P = .03). Patients also demonstrated greater (positive) amygdala-precuneus RSFC
(z >2.3, corrected P < .05) in contrast to negative amygdala-precuneus RSFC in the
adolescents serving as controls.

CONCLUSIONS AND RELEVANCE Impaired amygdala-hippocampal/brainstem and
amygdala-precuneus RSFC have not previously been highlighted in depression and may be
unique to adolescent MDD. These circuits are important for different aspects of memory and
self-processing and for modulation of physiologic responses to emotion. The findings suggest
potential mechanisms underlying both mood and vegetative symptoms, potentially via
impaired processing of memories and visceral signals that spontaneously arise during rest,
contributing to the persistent symptoms experienced by adolescents with depression.
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M ajor depressive disorder (MDD) is a leading cause of
disability and global disease burden1 and fre-
quently emerges during adolescence.2 Many adoles-

cents do not respond to evidence-based treatments,3,4 high-
lighting the need to better understand the underlying brain
mechanisms. Current theory5,6 holds that frontolimbic neu-
ral networks underlying emotion processing are abnormal in
MDD. However, neurobiological research in adolescents has
lagged behind that in adults. Because of the significant brain
maturational changes that occur during adolescence,7 the brain
abnormalities in adolescent MDD could be different from those
in adults. Developmental changes may contribute to the in-
creased risk of disease onset during adolescence, while also
providing a potential window for intervention to restore de-
velopmental trajectories. These considerations underscore the
importance of advancing the understanding of the neurobi-
ology of adolescent MDD.

The amygdala, an important area for processing threat and
orchestrating a complex set of emotional and physiologic
responses,8 has been centrally implicated in depression.9

Amygdala networks are involved in critical functions rel-
evant to depression including emotion regulation (through con-
nections to frontal and insular areas), modulation of sensory
information (through connections with visual, auditory, taste,
and olfactory cortices), and processing of visceral informa-
tion in relation to emotional stimuli (through connections with
the brainstem).10 Based on the importance of the amygdala in
emotion systems and its implication in MDD, the present study
focused on examining amygdala networks in adolescents
with MDD.

Resting-state functional magnetic resonance imaging
(rsfMRI) is an excellent tool for probing neural networks. This
approach measures resting-state functional connectivity (RSFC)
indexed by the correlation between brain regions in the pat-
tern of spontaneous fluctuation of the blood oxygen level–
dependent signal during rest.11 Positive and negative correla-
tions are understood to reflect synchrony in regions subserving
similar and opposite goals, respectively.12 Prior studies have
shown that rsfMRI can reliably map RSFC in adults13 and
children.14 Research15 in adults has suggested that MDD in-
volves a deficit in amygdala-frontal connectivity. The first pub-
lished rsfMRI study16 on adolescent depression failed to find
amygdala RSFC abnormalities in 12 adolescents with MDD
(most receiving medication) compared with 14 healthy ado-
lescents serving as controls (HCs) but documented abnor-
mally low RSFC in a subgenual anterior cingulate cortex–
based network. Since then, several studies17-21 have reported
abnormal RSFC in children or adolescents with MDD. How-
ever, the only study20 focusing on the amygdala reported that
children at risk for depression (because of personal and/or ma-
ternal history) had lower negative amygdala RSFC compared
with HCs with a dorsal cognitive control network and lower
positive RSFC with an inferior limbic network.

The primary goal of the present study was to examine amyg-
dala RSFC in adolescents with MDD and in HCs. To extend be-
yond prior work, we examined a larger sample of unmedicated
adolescents with fully syndromal MDD and no substance-
abuse disorders. Taking into account recent concerns regard-

ing rsfMRI research,22-24 we incorporated robust methods to ad-
dress physiologic noise and participant motion during scanning,
without global signal removal. We predicted that, similar to
adults with MDD,15 adolescents with MDD would show dimin-
ished amygdala-frontal RSFC. Given the continuing develop-
ment of amygdala-frontal projections into adulthood25 and
sexual dimorphism in adolescent brain development as previ-
ously reported,26 we explored group-by-sex and group-by-age
interactions. Finally, we explored how amygdala RSFC related
to overall depression severity as well as a broad set of depres-
sion and anxiety symptom dimensions.

Methods
Participants
The University of Minnesota Institutional Review Board ap-
proved this study. Participants (or a parent for participants aged
<18 years) provided written informed consent. Participants aged
17 years or younger provided written assent. Participants re-
ceived financial compensation. Adolescents with MDD and HCs
aged 12 to 19 years were recruited to participate through com-
munity postings and referrals from local mental health ser-
vices. Adolescents with MDD were eligible if they had a pri-
mary diagnosis of MDD and had not received any psychotropic
medication treatment for the past 2 months. Healthy adoles-
cents were eligible if they had no current or past psychiatric di-
agnoses and were frequency matched to the MDD group on age
and sex. Exclusion criteria for both groups included the pres-
ence of a neurologic or other chronic medical condition, men-
tal retardation, pervasive developmental disorder, substance use
disorder, bipolar disorder, or schizophrenia.

Assessment
After the informed consent process, all participants com-
pleted a comprehensive diagnostic assessment. Interviews
were conducted separately with adolescents and parents and
included the Schedule for Affective Disorders and Schizophre-
nia for School-Age Children–Present and Lifetime Version27 and
the Children’s Depression Rating Scale–Revised (CDRS-R).28

Self-report measures assessing symptoms in the past 2 weeks
included the Beck Depression Inventory-II (BDI-II)29,30 and the
Inventory of Depression and Anxiety Symptoms (IDAS).31-33 The
IDAS provides a score for the following symptom dimen-
sions: general depression, dysphoria, lassitude, insomnia, sui-
cidality, appetite loss, appetite gain, ill temper, well-being, so-
cial anxiety, panic, and traumatic intrusion. Clinical and
demographic measures were compared between groups using
independent-samples, unpaired 2-tailed t tests (dimensional
measures) and χ2 analyses (categorical measures).

Neuroimaging Data Acquisition
Data were acquired at the Center for Magnetic Resonance Re-
search at the University of Minnesota (3T Tim Trio scanner; Sie-
mens Corp). A 5-minute structural scan was acquired using a
T1-weighted, high-resolution, magnetization-prepared gradi-
ent-echo sequence: repetition time, 2530 milliseconds; echo
time, 3.65 milliseconds; inversion time, 1100 milliseconds; flip
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angle, 7°; field of view, 256 × 176 mm; voxel size, 1-mm isotro-
pic; 224 slices; and generalized, autocalibrating, partially par-
allel acquisition acceleration factor, 2. The 6-minute rsfMRI
scan (30 minutes into the overall protocol) comprised 180 con-
tiguous echo planar imaging whole-brain volumes with rep-
etition time, 2000 milliseconds; field of view, 220 × 220 mm;
voxel size, 3.43 × 3.43 × 4 mm; and 34 interleaved slices (no
skip), during which participants were instructed to stay awake
with their eyes closed. Respiration and pulse rates were si-
multaneously recorded during the rsfMRI scan.

Anatomic Imaging Preprocessing
The T1 data, including brain extraction and parcellation of data,
were processed into a standard set of anatomically based re-
gions of white and gray matter (FreeSurfer, version 5.3; http:
//surfer.nmr.mgh.harvard.edu). FreeSurfer output was visu-
ally inspected; when any errors were identified (n = 2), they
were manually corrected on a section-by-section basis. After
the corrections were satisfactory, the pipeline’s remaining steps
were repeated. No corrections were required in the vicinity of
the amygdala. The processed T1 data were registered to the
rsfMRI data using bbregister (https://surfer.nmr.mgh.harvard
.edu/fswiki/bbregister).

rsfMRI Preprocessing
Image processing was conducted using tools from the FMRIB
software library (http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/) as well
as custom tools developed in MatLab (MathWorks; http://www
.mathworks.com/products/matlab/). Initial processing in-
cluded brain extraction and motion correction. A denoising pro-
cedure was applied incorporating RETROICOR34 to remove
physiologic noise caused by cardiac and respiratory cycles as
well as any linear trends. Correction for magnetic field inho-
mogeneity-induced geometric distortion was conducted using
the field map. FreeSurfer-generated regions of interest (ROIs)
for lateral ventricles (cerebrospinal fluid) and white matter were
aligned with rsfMRI data using FLIRT (http://fsl.fmrib.ox.ac
.uk/fsl/fslwiki/FLIRT). Mean blood oxygen level–dependent
time series within these ROIs were extracted using fslmeants
(http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/Fslutils). We performed a
regression of all other voxels’ time series on 8 nuisance vari-
ables: white matter time series, cerebrospinal fluid time se-
ries, and the 6 motion parameters. Data scrubbing was per-
formed following the method of Power and colleagues,22

excluding any volume with a value for the temporal deriva-
tive of time courses’ root mean squared head motion vari-
ance value exceeding 8 and/or a framewise-dependent value
exceeding 0.5, along with the previous volume and the 2 fol-
lowing volumes. If at least 33% of the volumes were re-
moved, participants were excluded from analyses (2 MDD pa-
tients and 3 HCs). We conducted a Mann-Whitney test to
examine whether the number of excluded volumes between
groups was significantly different.

RSFC Analysis
First Level
A seed-based whole-brain approach was used to examine RSFC
stemming from the left and right amygdala. To avoid misreg-

istration errors, we used anatomically based ROIs. FreeSurfer-
based right and left amygdala ROIs were registered to the pre-
processed rsfMRI data, and the mean time series of voxels in
these regions were extracted. These time series were used as
primary regressors in separate (left and right) general linear
model analyses of all other voxel time series, resulting in whole-
brain amygdala RSFC maps. We used gaussian random field
theory to correct for multiple testing with a cluster threshold
of P < .05 and z > 2.3. Additional processing steps included spa-
tial smoothing (5-mm kernel), prewhitening, and registration
to anatomic data and standard space (Montreal Neurological
Institute 152)35 for later group analysis.

Second Level
As noted in previous work,20 amygdala RSFC maps for the left
and right amygdala were highly similar to each other (eFigure
1 and eFigure 2 in the Supplement). Therefore, following the
work of others,20 to limit the number of tests and for ease of
presentation, we conducted a second-level analysis to obtain
the mean of each person’s right with their left amygdala RSFC
maps.

Third Level
To address the primary study question, we conducted a voxel-
wise analysis of mean amygdala RSFC comparing groups, in-
cluding the covariates of age and sex, using the gaussian ran-
dom field theory to correct for multiple comparisons, with a
cluster z threshold > 2.3 and P < .05. We also conducted ex-
ploratory analyses to examine group-by-sex and group-by-
age interaction effects on amygdala RSFC throughout the brain.

Fourth Level
A series of follow-up analyses used the significant clusters re-
sulting from group analyses as a mask to extract mean z scores
from each participant’s amygdala RSFC z score map. Within the
MDD group, Pearson correlations were conducted on these z
scores with symptom severity (CDRS-R and BDI-II total scores)
and IDAS symptom domains. To account for multiple analy-
ses conducted, we used Holm’s36 stepdown Bonferroni ap-
proach. Holm’s procedure is less conservative than the Bon-
ferroni approach and, similar to the Bonferroni approach, does
not require that the tests be independent. To explore whether
additional clinical factors, such as prior medication exposure
or the presence of a comorbid anxiety disorder, might have in-
fluenced the results, we compared the mean amygdala RSFC
within these clusters between adolescents with MDD who were
and were not medication naive, as well as between adoles-
cents with MDD with and without a current anxiety disorder,
using an independent-samples, 2-tailed unpaired t test.

Results
Participants
Forty-three unmedicated adolescents with MDD and 31 HC par-
ticipants completed all procedures. After excluding partici-
pants with excessive motion, 41 adolescents with MDD (73%
medication-naive) and 29 HCs were included in our final analy-
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ses (Table 1). There were no significant differences between
the groups with respect to age, sex, or handedness. As ex-
pected, the groups differed significantly with respect to CDRS-R
scores, BDI-II scores, and IDAS dimension scores. No signifi-
cant group differences were detected between MDD medica-
tion-naive and medication-free participants with the excep-

tion of IDAS scores for insomnia, panic, and social anxiety
(eTable in the Supplement). In the final sample, the number
of excluded volumes was marginally different between groups
(U69 = 440.5, P = .053), largely because the HC group had fewer
people with no excluded volumes (eFigure 3 in the Supple-
ment).

Table 1. Demographic and Clinical Characteristics

Characteristic MDD HCs P Valuea

No. of participants 41 29

Age, mean (SD), y 15.7 (2) 16.0 (2) .53

Sex (male/female), No. (% female) 9/32 (78) 7/22 (76) .83

Right handed, No. (%)b 32 (91) 25 (93) .84

Ethnicity, No. (%)

White 28 (68) 16 (55)

.11

African American 5 (12) 1 (3)

Hispanic 4 (10) 4 (14)

Asian 0 2 (70)

Native American 0 1 (3)

Other 4 (10) 5 (17)

Current comorbidities, No. (%) 27 (66) NA

ADHD 6 (15) NA

Generalized anxiety disorder 16 (39) NA

Obsessive-compulsive disorder 1 (2) NA

Oppositional defiant disorder 2 (5) NA

Posttraumatic stress disorder 2 (5) NA

Social anxiety 3 (7) NA

Dysthymia 2 (5) NA

Panic disorder 2 (5) NA

Specific phobia 3 (7) NA

Social phobia 4 (10) NA

Medication history, No. (%)

Medication-naive 30 (73) NA

Past antidepressant use 8 (57) NA

Past stimulant use 4 (29) NA

Past antipsychotic use 2 (14) NA

Duration of illness, mean (SD), moc 10 (11) NA

Global assessment of functioning, mean (SD) 54 (9) NA

Positive family historyd 28 (82) NA

Clinical severity, mean (SD)

CDRS-R (T scores)d 77 (6) NA

BDI-II (most severe) 29 (13) 3 (4) <.001

IDAS dimension scores, mean (SD)e

General depression 57 (16) 27 (4) <.001

Dysphoria 28 (9) 12 (3) <.001

Lassitude 19 (6) 9 (3) <.001

Insomnia 5 (6) 7 (1) <.001

Suicidality 13 (7) 6 (0.2) <.001

Loss of appetite 7 (3) 3 (1) <.001

Appetite gain 6 (4) 4 (2) .01

Ill temper 12 (6) 6 (2) <.001

Well-being 18 (6) 27 (6) <.001

Social anxiety 123 (5) 6 (1) <.001

Panic 14 (7) 8 (1) <.001

Traumatic intrusion 8 (4) 4 (0.5) <.001

Abbreviations: ADHD,
attention-deficit/hyperactivity
disorder; BDI-II, Beck Depression
Inventory-II; CDRS-R, Children’s
Depression Rating Scale–Revised;
HCs, healthy controls; IDAS,
Inventory of Depression and Anxiety
Symptoms; MDD, major depressive
disorder; NA, not applicable.
a P values were determined using χ2

analyses (sex and ethnicity) or
independent-samples t tests (all
other comparisons).

b Data were available on 35
participants in the MDD group and
27 in the HC group.

c Data were available on 39
participants.

d Data were available on 34
participants.

e Data were available on 37
participants in the MDD group and
28 in the HC group.
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Group Differences in Amygdala RSFC
Adolescents with MDD showed lower positive amygdala RSFC
compared with HCs, with a cluster that included the left hip-
pocampus and parahippocampus, as well as a small piece of
orbitofrontal cortex and temporal pole, and extended into the
brainstem (Figure 1 and Table 2; eFigure 4 in the Supplement
presents a depiction of the orbitofrontal involvement). Addi-
tionally, the adolescents with MDD differed from the HCs in
amygdala RSFC with the bilateral precuneus, with patients
showing positive RSFC and HCs showing negative RSFC

(Figure 2 and Table 2). Follow-up analyses revealed no signifi-
cant group differences between medication-naive and medi-
cation-free participants with MDD in these circuits or be-
tween MDD participants with (25 [61%]) vs those without (16
[39%]) a comorbid anxiety disorder (defined by the presence
of any current anxiety disorder). Our whole-brain analyses to
examine group-by-age interaction and group-by-sex interac-
tion in mean amygdala RSFC did not reveal any significant clus-
ters. In addition, when the specific regions that showed group
differences were further examined (precuneus and left hip-

Figure 1. Lower Amygdala Functional Connectivity in Adolescents With Major Depressive Disorder (MDD)
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A, The cluster resulting from group analysis of amygdala functional connectivity
in the controls > MDD contrast, which includes the left hippocampus,
parahippocampus, brainstem, orbitofrontal cortex, and temporal pole. The
coordinates represent the position of the voxel with the highest intensity in
Montreal Neurological Institute standard space (z = 5.00). B, The means (bars

within the boxes) and ranges (limit lines) of functional connectivity z scores in
this cluster for the 2 groups. The analyses were repeated with the MDD outlier
removed and the results remained significant: t67 = 5.77; P < .001. z Values are
represented by the color bars. HCs indicates healthy controls.

Table 2. Size and Peak z Values of the Significant Clusters in the Group Analyses

Brain Region No. of Voxels MNI Coordinates of Peak Voxel (x, y, z) Peak z Value Cluster z Value, Mean (SD)
Controls > MDD

Total clustera 1831 −12, −12, −30 5.00 HCs: 1.70 (0.67); MDD: 0.75 (0.83)

MDD > Controls

Bilateral precuneus 682 4, −72, 52 4.30 Controls: −0.79 (1.1); MDD: 0.26 (0.89)

Abbreviations: HCs, healthy controls; MDD, major depressive disorder;
MNI, Montreal Neurological Institute.
a This cluster consisted of the following subregions: left hippocampus

(143 voxels), left parahippocampus (274 voxels), brainstem (362 voxels), left
orbitofrontal cortex (46 voxels), left temporal pole (34 voxels), and left
temporal fusiform (247 voxels).

Figure 2. Greater Amygdala Functional Connectivity in Adolescents With Major Depressive Disorder (MDD)
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A, The cluster resulting from group analysis of amygdala functional connectivity
in the MDD > controls contrast, which includes the bilateral precuneus. The
coordinates represent the position of the voxel with the highest intensity in
Montreal Neurological Institute standard space (z = 4.3). B, The means (bars

within the boxes) and ranges (limit lines) of functional connectivity z scores in
this cluster for the 2 groups. z Values are represented by the color bars.
HCs indicates healthy controls.
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pocampus, parahippocampus, and brainstem), there were no
significant group-by-age or group-by sex interactions.

Correlations With Symptom Domains
Within the MDD group, we used Pearson correlation coeffi-
cients to examine how amygdala RSFC scores within the clus-
ters identified above relate to clinical severity and IDAS di-
mensions (Table 3). Several significant correlations were noted
for the amygdala-hippocampal and brainstem circuit, where
participants with lower positive RSFC in this circuit had greater
IDAS general depression, dysphoria, and lassitude scores as well
as lower IDAS well-being scores. However, the summary scores
on the CDRS-R and the BDI-II were not significantly corre-
lated with RSFC in the identified amygdala networks.

Discussion
In this study, we report abnormal amygdala RSFC in adoles-
cents with MDD compared with that in HCs. The pattern of find-
ings has not been previously reported in the depression lit-
erature, to our knowledge, and may represent important new
information about the brain circuitry of MDD in adolescents.
Strengths of the present study include the relatively large
sample of adolescents with MDD who were not receiving medi-
cation (approximately twice the sample size evaluated in re-
cent rsfMRI studies in similar populations17,18) and the rigor-
ous methods used to remove noise associated with physiologic
signals and motion. In addition, the results of the present study
identify a fruitful avenue for future work by providing pre-
liminary evidence that abnormal circuits map onto specific
symptom dimensions.

Amygdala-Hippocampus and Parahippocampus RSFC
In the present study, adolescents with MDD showed lower posi-
tive RSFC compared with the HCs between the amygdala and

a cluster involving the left hippocampus and parahippocam-
pus, and this abnormality was associated with a lower sense
of well-being and higher levels of general depression, dyspho-
ria, and lassitude. The amygdala is richly connected with the
hippocampus and parahippocampus,37,38 and positive RSFC be-
tween these regions has been shown39 in healthy adults. Stud-
ies in animal models40-42 suggest that amygdala-hippocam-
pal connections facilitate the modulation of emotional
memories, and prior work43-45 using task fMRI in healthy adults
has shown that amygdala-hippocampal connectivity in-
creases during encoding and retrieval of emotional memo-
ries. A study46 in adults with MDD using a memory task found
that patients showed greater amygdala-hippocampal con-
nectivity compared with healthy controls during successful
encoding of negative emotional memories, but no signifi-
cant group differences were found for neutral or positive
memories. However, with findings similar to ours, a recent
study47 of adults with MDD that used a whole-brain, multi-
variate pattern classification approach identified the
amygdala-hippocampus as one of many connections show-
ing lower RSFC compared with the RSFC in HCs, and 2
reports20,48 in populations at risk for MDD showed similar
findings. Therefore, it could be that, in patients with or at
risk for MDD, the circuit is underconnected during rest,
potentially as a compensatory process to offset the hyper-
connectivity that may occur during the processing of nega-
tive emotional memories and/or the general hyperactivity of
the amygdala in depression.49,50 These speculations require
further investigation examining (1) the dynamic change of
amygdala-hippocampal connections across states of rest,
memory encoding, and memory retrieval; (2) whether this
abnormality represents a direct manifestation of illness or
an adaptation owing to another abnormality (eg, excessive
amygdala activation in depression); and (3) how RSFC and
the related functions of this circuit might be restored as a
consequence of treatment for MDD.

Table 3. Correlations Between Amygdala Connectivity z Scores and Symptom Domains for the MDD Group

Clinical Severity

Hippocampus/Parahippocampus/
Brainstem Precuneus

R P Valuea R P Valuea

Total scores

CDRS-R −0.180 .93 −0.032 >.99

BDI-II −0.324 .28 −0.101 >.99

IDAS dimensions scores

General depression −0.523 .01 0.043 >.99

Dysphoria −0.455 .05 0.047 >.99

Lassitude −0.449 .05 −0.920 >.99

Insomnia −0.321 .30 0.200 .24

Suicidality −0.202 .92 0.140 .41

Loss of appetite −0.384 .16 0.081 .64

Appetite gain 0.093 >.99 0.114 .50

Ill temper 0.114 >.99 −0.019 .91

Well-being 0.470 .03 0.179 .29

Social anxiety −0.289 .40 −0.046 .79

Panic −0.184 >.99 0.117 .49

Traumatic intrusions −0.014 >.99 0.247 .14

Abbreviations: BDI-II, Beck
Depression Inventory-II; CDRS-R,
Children’s Depression Rating
Scale–Revised; IDAS, Inventory of
Depression and Anxiety Symptoms;
MDD, major depressive disorder.
a P values were corrected for multiple

comparisons using the Holm
stepdown Bonferroni approach.
Results at corrected P � .05 are
shown in boldface type.
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Amygdala-Brainstem RSFC
Our findings showed decreased RSFC between the amygdala
and brainstem in adolescents with MDD; to our knowledge,
these data have not previously been reported in the depres-
sion literature. Animal research10 has identified amygdala-
brainstem connectivity as an important network for modulat-
ing visceral function in relation to emotional stimuli. Excitatory
pathways extend from the amygdala to brainstem centers such
as periaqueductal gray, locus ceruleus, raphe nucleus, and au-
tonomic-related brainstem nuclei; modulatory pathways from
these centers project back to the amygdala.51 These pathways
are important for basic functioning, such as arousal and ap-
petitive drives. In the present study, RSFC in this circuit cor-
related with lassitude and, at a trend level of P ≤ .05, appetite
loss and insomnia. These preliminary findings suggest that im-
paired connectivity in this circuit underlies some of the veg-
etative aspects of MDD. Further research probing this hypoth-
esis with experimental paradigms to assess arousal systems are
needed.

Amygdala-Precuneus RSFC
In the present study, adolescents with MDD had positive RSFC
between the amygdala and precuneus in contrast to healthy
adolescents who showed negative RSFC in this circuit. The pre-
cuneus is involved in the processing of self-relevant
information52-58 and in episodic memory encoding and
retrieval.56,59 It is an important node within the default mode
network, a group of brain regions that are more active at rest
than during a task.60 Negative amygdala-precuneus RSFC has
been documented in studies of healthy adults.39,61 Again, al-
though this circuit has not previously been highlighted in the
depression literature, recent reports have noted a similar pat-
tern in related populations including adults with high levels
of neuroticism,62 children with personal or maternal history
of MDD,2 0 and adults with a histor y of childhood
maltreatment.48 Together, these findings suggest that im-
paired negative RSFC (or in our study, the presence of posi-
tive connectivity) between 2 regions with opposing functions
(rest vs threat) may be an important mechanism in depres-
sion. Positive synchrony between these regions during rest
could underlie a failure to suppress negative self-thoughts that
spontaneously emerge during rest. Alternatively, this syn-
chrony could contribute to “disproportionate emotional col-
oring of self-referential or autobiographical information
processing.”62(p842) Both of these possibilities could feasibly per-
petuate clinical features seen in depression, such as rumina-
tion and the persistently negative mood state.

Amygdala-Frontal RSFC
We predicted that adolescents with MDD would show an amyg-
dala-frontal RSFC deficit. However, the results revealed the
deficit to be primarily in subcortical regions (eg, the hippo-
campus and brainstem). Only a small piece of the cluster rep-
resenting lower amygdala RSFC in patients compared with HCs
extended into the orbitofrontal cortex (eFigure 4 in the Supple-
ment). Several prior studies15,63-65 in adults have docu-
mented impaired amygdala-frontal RSFC, with mixed results
regarding the location and whether the impairment is in posi-

tive or negative RSFC. Variance in findings across depression
studies could arise from differences in the methods, the hetero-
geneity of illness, and/or developmental effects.66 Perhaps be-
cause the frontal lobe and its limbic connections are still de-
veloping during adolescence,7,25 adolescents with depression
show a different pattern than adults, with more prominent find-
ings in subcortical areas that mature earlier. It may be that
amygdala-frontal RSFC deficits emerge during early adult-
hood as the MDD vs HC gap in frontal development trajecto-
ries widen. Although the results of our age-by-group interac-
tion analysis do not support this hypothesis, longitudinal
research examining the trajectory of amygdala RSFC across de-
velopment into adulthood in youth with and without MDD will
be necessary to further examine this question.

Limitations
We have interpreted our amygdala RSFC group difference find-
ings based on the clinical features of MDD and what is known
about the function of the implicated brain regions. However,
these interpretations of our observational data should be con-
sidered preliminary and speculative. Confirmation of the hy-
potheses suggested here will require further research using a
multimodal approach that includes behavioral methods ca-
pable of investigating the function of the circuits in question
(eg, self-processing and emotional memory). Furthermore, our
findings regarding clinical correlations between RSFC and
symptom dimensions should be interpreted with caution be-
cause the large number of tests that were conducted relative
to the sample size. Future research is needed with larger
samples to further examine the relationships between RSFC
and symptom dimensions.

The cross-sectional design of this study prohibits causal
interpretations of the results. It is unclear whether the abnor-
malities reported represent risk markers for MDD or whether
they emerge during the course of illness as a result of disease
processes. Longitudinal research using these measures, ide-
ally beginning with high-risk adolescents before the onset of
the illness and tracking the course of the illness after onset, is
needed to address these questions.

Similar to the population in other adolescent depression
studies,16-18,67 the participants in our sample had relatively high
rates of current comorbid anxiety disorders. This outcome is
a limitation because the findings may not be specific to MDD.
However, post hoc analyses comparing patients with vs those
without anxiety disorders on the amygdala-hippocampus and
amygdala-precuneus circuits did not reveal any significant dif-
ferences. Furthermore, because there were no significant as-
sociations between the main amygdala connectivity findings
with any of the anxiety dimensions from the IDAS, the abnor-
malities appear to be more related to depression than anxiety
symptoms in these patients.

As has been recently highlighted in the literature,22,23 mo-
tion of the participant during the scan can significantly affect
rsfMRI findings. Several methods have been proposed outlin-
ing approaches to reduce the effect of motion artifacts, one of
which we incorporated into our study.22 We removed vol-
umes exceeding our threshold, resulting in variance across the
participants in the number of volumes for final analysis. Be-
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cause RSFC can change over time,68 this variable introduces
the possibility that removed volumes could potentially have
altered the overall RSFC measure. We and others22 believe that
the potential for introducing artificial correlations from mo-
tion artifacts was a far greater risk than that of losing these
short, randomly spaced epochs of resting data.

Certain limitations arise from our seed-based approach. We
used a hypothesis-driven approach for our rsfMRI data analy-
sis, correlating the time series of a seed ROI with every voxel
as an index of whole-brain functional RSFC.11 This approach
limits the results based on which seed region is chosen. Data-
driven approaches avoid this limitation, but the results can be
more difficult to interpret. Furthermore, we used an ROI of the
entire amygdala, but prior work39 has shown that amygdala
subregions have dissociable functional networks. Future re-
search should investigate how RSFC patterns in adolescents
with MDD vary across amygdala subregions; such research
would benefit from recent advances in acquisition methods
that allow for higher spatial resolution.69 Many studies de-
fine seeds by creating a sphere in standard space around a lo-
cation from the literature16,70 or with use of an atlas-defined
region.15 Such approaches have limitations inherent to be-
tween-person differences in anatomy. To address this issue,
we defined our seed regions based on each participant’s
anatomy using FreeSurfer. This method introduces the poten-
tial limitations of the automated approach to accurately par-

cellate the anatomy. However, FreeSurfer-based parcellation
of the amygdala is superior to other automated methods in
some respects.71,72 Several recent studies73-76 have used Free-
Surfer to investigate the amygdala volume in different popu-
lations with a range of clinical problems. Furthermore, we vi-
sually inspected each person’s FreeSurfer results to identify
and correct errors, which did not occur in our ROIs.

Conclusions
We report abnormal amygdala RSFC in the largest sample to
date of adolescents with MDD. The findings could reflect im-
pairments in the networks that process spontaneous memo-
ries that arise during rest and underlie persistent negative mood
and vegetative symptoms in these adolescents. Future
research using multimodal approaches that incorporate
experimental paradigms to probe relevant systems impli-
cated in memory, self-processing, and arousal would be
ideal for further illuminating brain-behavior relationships in
adolescents with MDD. Given the differences from previous
findings in adults, it may be that RSFC abnormalities evolve
over the course of development. Longitudinal research is
needed to understand how RSFC changes throughout devel-
opment, course of illness, and treatment response in adoles-
cents with MDD.
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