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ABSTRACT OF THE THESIS

Altered Functional Connectivity of Subgenual AnberCingulate Cortex during Negative
Emotion Processing in Adolescent Depression
by

Guang Yang

Master of Science in Biology

University of California, San Diego, 2013
Professor Alan N. Simmons, Chair

Professor Martin F. Yanofsky, Co-Chair

Functional neuroimaging studies have advancedionderstanding of the network
dysfunctions related to major depressive disorif[D) in adults. However, our current
understanding of these network alterations in a@lets very limited, especially in
relation to the subgenual anterior cingulate co(feXC). The main goal of this study is
to further our understanding of the role of thegariual ACC in adolescents with
depression during fear processing by examining WD affects subgenual ACC
connectivity with other brain regions. Nineteen wuicated adolescents diagnosed MDD
and nineteen well-matched controls ages 13-17 yeatsrwent a gender discrimination
task during fMRI, where the participants viewed gaa of different intensities of fear.

Whole brain analysis demonstrated that adolesedtiisdepression showed decreased

Xi



activation in the left precuneus, left ACC, andhtigrecentral gyrus compared to normal
controls when viewing faces showing stronger fdagfootions. Functional connectivity
analysis showed: (1) increased connectivity betwkenight subgenual ACC and the left
amygdala, (2) decreased connectivity between tie subgenual ACC and the left
fusiform gyrus, right precuneus, right insula, §Bldecreased connectivity between the
left subgenual ACC and the bilateral insula.

Overall, our findings show that the subgenual A@&ys a key role in modulating
perceptual and cognitive processes, and thatatikdt depression, adolescent depression
involves a disruption of networks involving the gebual ACC. Our findings build
towards a model of a disrupted network in clinigalepressed adolescence such that low

fear/neutral faces are deemed threatening and ex wetwork is recruited.
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Introduction

Depression is considered one of the masincon mental disorders in the adult
population. According to studies performed by thaidhal Institute on Mental Health,
major depressive disorder (MDD) is the leading eaafsdisability in the United States
for ages 15-44 (NIMH). Major Depressive Disorddeafs 6.7 percent of the adults in
the United States, which pertains to 21.2 milliollés as of 2013 in the U.S. alone. The
Centers for Disease Control and Prevention (CD@nese that 1 in 10 U.S. adults
report depression at any given time. A recent obgsithess study, which quantifies the
total cost related to a specific disease, fountwhakers with depression had
significantly greater lost productive time (LPT)nepared to healthy workers (5.6hr/week
compared to 1.5hr/week), with 81% being attributeanpaired performance during
work (Stuart et al. 2003). The implications of thiady was that depressed employees
result in an estimated total of 44 billion dollafsLPT per year in the United States, an
excess of 33 billion compared to those without degpion (Stewart et al. 2003).

It is well established that MDD is a greatirce of concern in adults. However,
depression is also prevalent in adolescents eltisnated that 4 to 8 percent of the
adolescent population is depressed (Lewinsohn @884). One in five adolescents has
reportedly experienced depression at some pointf{N2013). According to Diagnostic
and Statistical Manual of Mental Disorder¥, Bdition (DSM-IV-TR), adult MDD is
“diagnosed clinically by the occurrence of deprdss®od and/or loss of interest or
pleasure in life activities for at least two weeks,well as at least five of the following
symptoms that cause significant impairment in dpaiark, or other important areas of

daily life: depressed mood most of the day, dinfiatsinterest or pleasure in all or most



activities, significant unintentional weight lossgain, insomnia or sleeping too much,
agitation or psychomotor retardation noticed byeathfatigue or loss of energy, feelings
of worthlessness or excessive guilt, diminisheditgtio think or concentrate, or
indecisiveness and recurrent thoughts of deathifg@dor Substance Abuse Treatment
2008). Symptoms of depression in adolescents, hesnvappear to differ, and include
increased irritability, outbursts of anger, andigbwithdrawal with increased risk of
suicide. Studies by Pine et al. (1999) suggestsyraptoms of depression in adolescents
could be early markers for adult depressive disofldme et al. 1999). Since MDD
typically begins during adolescence (Kessler, Avefieand Merikangas 2001) and
confers a high risk of recurrence in adulthood (lrsehn, Rohde, Klein, and Seeley
1999), it is of utmost importance that we undemdtdre development and progression of
this mental illness during adolescence, when tleof developing depression and
impact on quality of life is extremely high.

Although the National Institute of Mentag&lth (NIMH) ranked MDD as the
leading cause of disability in the United Statasaiges 15-44, very little is known about
the pathogenesis of depression. This is partlibatid to the difficulty in developing an
animal model that perfectly replicates the symptofndepression or the recurrence of
depressive episodes. However, recent advancesimoinmeaging technologies spurred the
advancement of scientific research in depressioallbwing investigators to examine the
chemical, anatomical and physiological correlatesepression in vivo (Drevets et al.
2008).

Recently, functional magnetic resonance imagiMR() has become an

invaluable tool in the study of various neurologji@ad psychiatric disorders. fMRI



involves placing the subject inside a large homogemagnetic field and measuring
changes in blood oxygenation and flow that occuesponse to neural activity. Since its
inception in the early 90s, fMRI has rapidly risarpopularity in the neuroimaging field
due to its noninvasiveness and superior spatiatemg@oral resolution. Unlike positron
emission topography (PET), fMRI does not requingjects to undergo injections of a
radioactive tracer. And unlike electroencephalogyaficEG), fMRI is not restricted to
capturing only the signal in the peripheral regiohghe brain, thus making fMRI the
ideal tool for studying regions deep beneath theegoincluding the limbic regions
involved with emotional regulation, processing ameimory. Therefore fMRI is the ideal
noninvasive neuroimaging tool for studying the braircuitry related to depression,
particularly in adolescents.

The primary method by which investigators utiliEéR1 in the study of mental
ilinesses is through the blood-oxygen-level-depah{®OLD) contrast (Huettel 2009).
The BOLD contrast, first proposed by Seiji Ogawd @90, provides a platform by which
investigators can examine difference in neuraldgtin different tissues of the brain by
exploiting activity-related differences in magneticsceptibility (Ogawa et al. 1990). The
brain utilizes blood glucose as the primary sowfcenergy. When neurons change from
a depolarized (active) to hyperpolarized (inactst}e, there is a need for the neurons to
maintain their electrochemical gradient, a prot¢kasrequires an expenditure of energy.
Therefore, neuronal activity is associated witlegional increase in blood flow and
glucose levels, which subsequently leads to a nadjichange in oxygen levels via
oxygenated hemoglobin cells in the blood. Highearraral activity leads to an increase

in consumption of oxygen, thus increasing the pafooh of deoxyhemoglobin in the



same region. In contrast with hemoglobin, deoxyhglotmn is paramagnetic (Pauling &
Coryell 1936), and will produce a local distortiohthe magnetic field within the large
homogenous magnetic fields produced by the MRI mm&ci he local distortions are
localized within 2 or 3 mm of where the neural atyitakes place (Huttel 2009). By
measuring the location and magnitude of these rdists, researchers are able to infer
the directionality and intensity of neural activitydifferent regions of the brain.

Recently, fMRI has been used by investigators<arene not only localized
changes in brain activation but also differencesrain activation on the network level.
One increasingly popular method is functional catingy analysis (Friston et al. 1994),
which is defined as temporal correlations betwegetially distinct brain areas. The
pathophysiology of MDD has been thought to invatysfunctions on the network level.
Specifically, altered functional connections betwé®e frontal and the limbic regions
have been shown to play a role in depression. dysty Mayberg et al. (1999)
performed in adult populations with induced transgadness have reported an increase
in activation of the subgenual anterior cingulatd anterior insula and decrease in
activation of the neocortical regions (right doegefal prefrontal and inferior parietal).
Further investigations have also reported a recgireelationship between cortical and
limbic regions in diagnosed depression, showingdhdecrease in cortical activation is
accompanied by an increase in limbic activatioMDDs (Mayberg et al. 1999).
Additionally, recovery from depression showed eereual of these effects, with an
increase in cortical regions and a decrease ihrtii®c regions.

Further studies in neuroimaging have sugges model of depression based on

limbic-cortical dysfunction (Drevets et al. 2008)sing PET, Drevets et al. proposed that



abnormalities in the circuits involving the preftahcortex, amygdala and areas of the
striatum, pallidum and medial thalamus may be atmadly regulating cognitive and
emotional processing in depression (Drevets & RaitB92). Further studies showed
that the limbic-cortical-striatal-pallidal-thalamiarcuits (LCSPT) were involved in
emotional behavior, and that dysfunctions of theSET circuit can produce pathological
emotional symptoms similar to those found in degiges(Drevets 2004). A study that
examined the relationship between stroke lesiotsam regions involved in the LCSPT
and incidence of major depressive episode fountotbst-stroke depression was
correlated with lesion volume of the left LCSPTcait (Terroni et al. 2011). Further
analysis showed that incidence of major depresgingode was associated with specific
regions of the left LCSPT circuit, including themzeal anterior cingulate cortex,
subgenual anterior cingulate cortex, subiculum, gaala, and the dorsal anterior
cingulate cortex (Mayberg et al. 1999).

Two particular regions, the amygdala areghibgenual anterior cingulate cortex
(ACC), have received special attention in the stoidgdult depression. The amygdala
has been considered significant due to its roEmotional processing and evaluation of
external stimuli. Positron emission studies hapeatedly shown significantly increased
amygdala activity in adults with MDD (Robertson-retyal. 2006; Drevets et al. 1992).
This finding has also been consistently replicatefdinctional MRI studies (Fales et al.
2008). These findings were used to develop sontieeofurrent models of depression
involving the amygdala, such as the model propaseldrevets and Mayberg. It has been
hypothesized that the hyperactivation of the amlgdad related limbic regions leads to

increased attention and processing of emotionalmédtion in individuals with MDD,



with a bias towards negatively valenced stimuld (& Hayley 2012). Furthermore,
studies have shown that increased amygdala acivdgpressed individuals is
associated with rumination, a contributing factodepression (Siegle 2006). Indeed, a
large number of behavioral studies have demonsithtd individuals diagnosed with
depression present biased emotional processinig anitittentional bias away from
positive (e.g. happy faces) emotional cues anapgmsity to focus on negative
emotional cues (e.g. fearful faces). Consistertt thie LCPST model, activity in
emotion-related brain regions (amygdala, ventratsim) were found to be increased in
response to sad faces (Lappanen JM 2006). Furdavioral studies have found that
depressed individuals were less sensitive to thetification of emotional faces, and a
bias for interpreting happy faces as neutral, andral faces as sad (Bourke et al. 2010).
These findings demonstrate impairment in atterdiioth emotional processing circuits in
individuals with depression, perhaps due to heiggddimbic activity.

The subgenual ACC plays an important role in thygilaion of amygdalar
activity and the prevention of excessive emoti@mal stress-related responses (Phillips
et al. 2003). Adult depression studies have shtvahdonnections between subgenual
ACC and dorsolateral prefrontal cortex (Hamiltoraket2011) and dorsomedial prefrontal
cortex (Sheline et al. 2010) are strengthened pnedsed individuals. A preliminary
study by Mayberg et al. using deep brain stimufafishich involves implanting an
artificial pacemaker to stimulate certain strucsuoéthe brain) of the subgenual ACC
found that electrical stimulation of the subgen@IC can effectively reverse depression

symptoms in individuals with treatment-resistanpré@ssion (Mayberg et al. 2005). This



major finding solidifies the significance of thebgienual ACC as a potential target of
future therapeutic techniques in the treatmentepiression.

Although the neural circuitry of adult depsion is studied extensively, research
and literature on pediatric depression is sevdeglking (Hulvershorn et al. 2011,
Drevets et al. 1992). Furthermore, Functional Miatees in pediatric depression reflect
inconsistencies and the need for further investgatn adults, facial recognition tasks
show that adults with MDD exhibit increased amygdattivation compared to normal
controls (Sheline et al. 2001). However, theseifigsl were not consistently reproduced
in children and adolescent studies of depressionekample, a study by Thomas et al.
used a facial recognition task comparing 5 girlswiiDD with normal healthy girls and
reported a hypoactive amygdala response, in cantiis other studies demonstrating
hyperactive amygdala response (Thomas et al. R8dertson-nay et al. 2006). A recent
novel study by Yang et al. demonstrate decreasedtgof the medial frontal regions
and increased activity in the anterior cingulatdesoin adolescents with depression, both
consistent with adult literature (Yang et al. 2009)

Although the study of functional connedipvin adults with depression is studied
extensively, very few studies have been performestivlescents with depression. Given
the importance of the subgenual ACC as a targpbtantial treatment options such as
deep brain stimulation, as well as the lack of iaat literature in the field of
adolescent depression, it is imperative to exarhiaeole of subgenual ACC and its
connectivity with other brain regions. In a prelmary study by Jin et al., adolescents
with depression were found to exhibit atypical fumgal connectivity in regions of the

prefrontal cortex as well as an increase in thengh of connections involving the



amygdala (Jin et al. 2011). A preliminary studyQyllen et al. found decreased resting
state functional connectivity between the subgeA@CT and bilateral cortical regions,
left superior temporal cortex, and the insular@oiCullen et al. 2009). However, the
group mentioned the prevalence of psychotropic oadins and high rates of
comorbidity as a potential confound, and callstii@er need of research using treatment-
naive adolescents with MDD. A more recent puhlicaby Davey et al. found increased
resting state functional connectivity between thiegenual ACC and the dorsomedial
frontal cortex (Davey et al. 2012). In childrengastudy has shown reduced functional
connectivity in individuals with preschool-onset @Luking et al. 2011). As
mentioned by Cullen et al., one potential explamator the difference in functional
connectivity differences in the subgenual ACC betwvadults, adolescents and children
is the medication status of the subjects underystidother possibility is that difference
in connectivity may be attributed to the developtakdifferences between childhood,
adolescence and adulthood. This theory is suppostediongitudinal study showing
differences in functional connectivity from childbwto adulthood (Fair et al. 2008), as
well as a developmental differences specific toahierior cingulate (Kelly et al. 2009).
A recent study by Connolly et al. found elevatedrezrctivity between the subgenual
ACC and the insula, and decreased connectivity éetvthe subgenual ACC and the left
precuneus, which also correlated significantly wdépression severity (Connolly et al.
2013)

The study of facial emotions is importanstudying a variety of mental
disorders. This is especially important in the gtatidepression because depressed

individuals were shown to possess aberrant emdtpynaessing, with an attentional bias



towards negative stimuli (e.g. fear). Furthermat®ormal emotional processing has
been shown to be correlated with various affeciine social symptoms in MDD, and
that measurement of facial expression perceptionpotentially aid in predicting and
monitoring treatment response for individuals vd#dpression (Ekman & Friesen 1976).
However, to date, no studies have examined theitmat connectivity of the subgenual
ACC during the processing of emotionally negatitmmsli in the adolescent population.
The aim of the present study is to use BOLD andtianal connectivity fMRI
techniques to examine the reactivity and functi@eanectivity of the subgenual ACC
and related limbic and paralimbic regions in adoéess with depression during fear
processing. 19 medication-naive adolescents (1y32&i& old) with a primary diagnosis
of MDD and 19 well-matched healthy controls (CTioderwent fMRI scanning while
performing a gender recognition task of faces akhtpvarying degrees of fear ( Fear-
Weak, Fear-Moderate, Fear-Strong). We examineéutietional BOLD differences
between MDD and CTL groups, as well as using aggdtisiological interaction
modeling technique (PPI; Friston et al., 1997) gsirmpriori anatomical seeds centered in
the bilateral subgenual ACC in order to ascertairctvfunctionally connected regions
alter with adolescent depression (Connolly et @L3). Depression severity was
measured with the Beck Depression Inventory (BDItHe Children’s Depression
Inventory (CDI), and the Children’s Depression RgtScale-Revised (CDRS-R).
Based on reviewed literature in adolescent depesaie hypothesized that
abnormal functional connectivity in regions of thrain involved in emotional processing
will be observed in the MDD group relative to hbgltontrols. More specifically, we

hypothesize that attentional bias towards the megatimuli presented in the task would



10

lead to altered connectivity between the subgeAC& and the amygdala. We also
hypothesize that this altered connectivity mayigaiBcantly correlated with clinical

measures of depression severity.



Methods and M aterials

Subject Recruitment and Participation

Adolescents with major depressive disorder (MD&9sa13-17 years from all
races, ethnical backgrounds, and genders in thé%go, California area were recruited
for this study. MDD subjects were recruited fronol@gdcent psychiatric outpatient clinics
in San Diego County, including PsyCare, Psychigeaters at San Diego (PCSD),
Kaiser Clinic locations. A full screening was coonthd, and exclusionary criteria for
adolescents with MDD include: (1) scoring 80 or émwn the performance section of the
Wechsler Abbreviated Scale of Intelligence (WAS1);42) being colorblind or having
less than 20/40 correctable vision as determinetthdyshihara color plates (8 plate,
2005 edition) and standard Snellen eye charteatsely; (3) any contraindication to
MRI imaging (e.g. ferrometallic implants, bracelsustrophobia); (4) any history of
neurological disorder (e.g., meningitis, migraiHéy), head trauma with loss of
consciousness > 2 min, learning disability, serimeslical health problem, or a
complicated or premature birth < 33 weeks of gastdexclusionary due to potentially
abnormal neurodevelopment); (5) being pregnantuspeacted being pregnant; (6) any
evidence of illicit drug use, misuse of prescriptarugs, or more than 2 alcohol drinks
per week either currently or within the past moasghdetermined by the Customary
Drinking and Drug Use Record (Brown et al., 1998);left-handedness, as determined
by the Edinburgh handedness scale (Oldfield, 198} )prepubertal status (Tanner stages
1 or 2; Tanner, 1955); (9) inability to fully undéaind and cooperate with the study

procedures; (10) a psychiatric diagnosis other MBD; and (11) use of medication

11
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with central nervous system effects within the [2agteeks prior to scanning. In addition,
a full K-SADS-PL (Kiddie Schedule for Affective isders and Schizophrenia) is
conducted in order to establish a diagnosis oatlescent on affective, psychaotic,
anxiety, behavioral, or substance abuse disordehedime of the study, as well as
establish mental health history for the study.ptticipating subjects with MDD
presented with a current diagnosis of MDD at theetdf scanning.

Healthy controls ages 13-17 years from all raed®jic backgrounds, and genders
were recruited for this study from various regioms San Diego through email,
recruitment flyers, and Internet advertisementstfds (CTLs) were excluded from the
study if they were assessed on the Family InterviewGenetics Studies (Maxwell,
1992) to have a family history of mood (Axis 1) msychotic disorders in first- or second-
degree relatives, a CDRS-R T-score over 54, ohefytmet any of first 11 exclusion
criteria listed above for the adolescents with MDHealthy adolescents were screened
with DPS (Diagnostic Predictive Scales) in orderetelude the possibility of mental

health disorders.

Clinical Interviews

Clinical scales were used in order to quantify rdepion and anxiety in
adolescents enrolled in the study. In particulae, €hildren’s Depression Rating Scale —
Revised (CDRS-R), the Beck’s Depression InventoBDIj, Children’'s Global
Assessment Scale (CGAS), Children’s Depressionnitavg (CDI), Montgomery-Asberg
Depression Rating Scale (MADRS), and Pediatric Atyi Scale (PARS). Each

participant and a parent were interviewed by a elacts level research specialist trained
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according to local diagnostic reliability standards child and adolescent psychiatrist

provided best-estimate diagnosis for verificatiomgoses.

Experimental Task

A gender identification task was used in this gtt@lexamine the implicit visual
processing of differing fear levels in adolesceithwDD compared to normal controls
using fMRI. Subjects were trained to perform th&ktasing a laptop prior to performing
the task during the fMRI scan. During the scanfip@ants were shown a total of sixty
validated facial expressions showing various degyaddearful emotion displayed by 10
volunteers (5 male, 5 female, Eckman 1976). A mioigplsoftware was used depict the
expression of 20% fearfulness (Fear-Weak), 50%fukaass (Fear-Moderate) and 80%
fearfulness (Fear-Strong). There were a total ofF2Ar-Weak expressions, 20 Fear-
Moderate expressions, and 20 Fear-Strong express(Bigure la). Each facial
expression was presented twice at each level ofhitee fear intensities. A total of 12
fixation crosses were also presented for a total2ofrials for a total time of six minutes.
All trials were presented in a pseudorandomizeceroréach trial was presented for
3000ms, with the inter-trial interval (ITI) randoynlarying according to a Poisson
distribution (mean ITI = 2000ms), with average Ittime being 5000ms. Thus the total
scan lasted 360 seconds. During the task, subjests asked to identify the gender of
the face by pressing either leftmost “Male” or tiglost “Female” buttons on a button
box. The faces remain on the screen for the edtiration of the trial, and the “Male”
and “Female” boxes disappear when the participaakas a decision for that trial (Figure

1b). The reaction time (RT) and accuracy of eaigh was collected for each participant
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as behavioral data scanning were recorded for &&@lh However, several behavioral
files were lost during data transfer. Thus, we repehavioral data from only 16 MDD

and 13 CTL. After the scan session, subjects wsedto rate each face.

Image Acquisition

Images were acquired on a 3T GE MR-750 scannerdf@eElectric, Milwaukee,
WI) with Twin Speed gradients using the GE 8-chahead coil. Each session consisted
of a 3-plane scout scan (10 seconds), a high-resolanatomical scan, a series of T2*-
weighted echoplanar imaging scans to measure thdéB8sponse, and echoplanar
imaging-based field maps to correct for susceptybiihduced geometric distortions.
Functional scans covering the entire brain weraiiaed parallel to the anterior and
posterior commissure (T2*-weighted echoplanar imggrepetition time, 2,000 ms; echo
time, 32 ms; flip angle: 9964 x 64 matrix; 30 2.6-mm oblique slices with.4-fnm
gap; 192 repetitions). During the same experimesdsasion, a T1-weighted image with
an inversion time of 450 ms to null the CSF (fastied gradient echo sequence;
repetition time: 8.0 ms; echo time: 3.1 ms; fligkn 12°; field of view: 22 cm; matrix,
256 x 256; 0.98- x 0.98- x 1.0-nimoxels) was collected in the sagittal plane for
anatomical reference. During the scan, subjects awsked to remain relaxed but awake,
to be as still as possible, and to follow the dimts for the task. Visual stimuli was
projected onto a screen and viewed through a sarajled mirror mounted above the

participant’s head.
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Behavioral Data

Information about the time between trials and ant@d time between onset of
stimulus and the first button press was recordethduhe scan. Each rating for faces
shown was also recorded in order to assess subgminse time and response accuracy.
Post-scan analysis was performed to assess aveggesponse time and overall task
accuracy for each subject. Only sixteen depresseédharteen controls retained

behavioral data due to technical difficulties dgraata transfer.

Processing of Imaging Data

All functional and structural image processing andlysis were conducted with
the Analysis of Functional Neurolmages (AFNI) sate (Cox 1996). Echo-planar
imaging (EPI) DICOM acquisition slice data wereaestructed into 3D+time series
volumes with slice-time correction. The first twolwmes of each echo-planar scan were
excluded from analysis due to effects of magnetiaration. To minimize motion
artifact, an AFNI 3D-coregistration algorithm (3dinexy) of a 9-variable rigid body
alignment was used to realign all echoplanar imagesbaseline time showing the least
amount of head motion. The anatomical data wasdhgned to the echoplanar images
using AFNI 3dAllineate alignment softwafg2 variable alignment)Both the anatomical
and echoplanar images were then converted to séfed alairach coordinates across
all subjects for comparison. The echoplanar imaggre then despiked by replacing
outliers (2.5 standard deviations from the mearthetime series with the interpolated
value of neighboring voxels (3dDespike). Subjeatsanexcluded from the dataset if

more than 15% of the time series showed excessither® or motion. The data was then
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blurred using a Gaussian filter kernel until theaswered full-width half-maximum

(FWHM) reached 4mm in order to account for indivatlvariations in anatomical
landmarks. A multiple regression model (3dDecongblwvas then used to fit the

acquired signal according to the task stimuli regoes. Six motion parameters (roll,

pitch, yaw, dx, dy, dz) were used as nuisance ssgre to account for motion artifacts.
The three trial types (Fear-Strong, Fear-Modematd, Fear-Weak) were used as
regressors-of-interest. Linear trend was modelddertime series of each voxel in order
to account for correlated drift. Finally, the datare converted to percent signal change
by dividing the time series of each voxel by theamglobal signal and transformed to
stereotaxic Talairach coordinates. Thus, all subseganalyses were conducted at 4x4x4

mm resolution in Talairach space.

Region-of-interest (ROI) Seed Definitions

We defined anatomical bilateral subgenual ACC sd&eded on a prior study
examining subgenual ACC connectivity in adolesckgression during resting state
(Connolly et al., in press). These anatomical seeste transformed from MNI to

Talairach space and resampled to 4x4x4mm.

Group Analysis
A voxel-based two-sample t-test was used to examiiaup differences between
the three conditions (Fear-Weak, Fear-Mod, Feavrglr Due to the ambiguity of the

“Moderate Fear” condition and the large variatiorbrain activity between subjects,
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subsequent analysis of the “Moderate Fear” conditvas dropped. Significant voxels
were required to pass a voxelwise statistical tiolkesofts;g=2.024 ( p=0.05,

uncorrected). Monte Carlo simulations were usecbtdrol for multiple comparisons,
where the minimum number of contiguous voxels pasie voxelwise threshold that
would result in a clusterwise 5% probability of igidue to chance in 10,000 simulation
iterations of based on an average skullstrippedevbi@in mask created from all subjects
(downsampled to 4x4x4 mm) and the applied FWHM eslof the functional data were

computed using AFNI Alphasim. This cluster threshehs 11 voxels.

Functional Connectivity Analysis

Functional connectivity analysis was performed othtMDD and CTL
adolescents. Anatomical bilateral subgenual AC@sesed by Connolly et al. were
used as our regions of interest. Before condut¢hedunctional connectivity analysis,
anatomical data was aligned to the echoplanar imdgethermore, individual datasets
underwent slice-time, motion correction (See “Pssagg of Imaging Data above”). Time
points were censored if they were 2.5 standardatievis away from the mean.
Functional connectivity analysis was performed gsitethods based on the
psychophysiological interactions method adaptedife| (Chen, 2012 ) Separate
functional connectivity was performed for each sesgon. We then deconvolved the
resultant time course to derive the underlying aktime course in the seed. This
estimated neural time course was then multipliethieycondition regressors (Fear-
Strong minus Fear-Weak) to create an interactioe tourse at the neuronal level. To

estimate the interaction time course at the BOLRIlghe neuronal interaction time
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course was convolved with a modified gamma vafiatetion. Next, a multiple
regression model was run separately for each seexihimine connectivity of all voxels
for the condition as measured by Pearson’s comaktSince the output from this model
is R values, we square-rooted the values and thenptiettieach by their respective

sign of the estimated beta weights to obtain doeelity of association. The correlation
coefficients of the interaction time series werertltonverted to z-scores using Fisher
transformation. Group analysis was then performedibning a voxel-based t-test on the

z-values of the interaction effect.

Correlational Analysis of Brain Imaging Data

Correlational analysis was performed to assesadbeciation between functional
connectivity abnormalities and clinical measures. CDRS-R, BDI-II) and behavioral
measures (accuracy, response time). The analysisavalucted using SPSS (Norusis

1990).



Results

Behavioral Data
The MDD and CTL groups did not differ significanth response time (t = -
1.3074, p=0.203). However, an accuracy differenas abserved between the two

groups (t =2.5812, p=0.018).

Sociodemographic and clinical scales

The MDD and NCL groups did not significantly diffie@ age (3¢=0.81,p=0.43),
gender;(zlzo, p=1), ethnicity U=207,p=0.42), Tanner stag&J€195,p=0.15),
performance 1Qt§s=1.80,p=0.08), incomely=226,p=0.09), mother’s education
(U=160,p=0.58), or father’s educatio€171,p=0.09). MDD adolescents showed
significantly greater levels of depression as messby the BDI-1l {35>3.5,p<0.001),

CDRS-R {36>3.5,p<0.001), and K-SADS diagnosis.

Whole Brain Results

Whole brain analysis of the percent signal chdng&ear-Strong vs. Fear-Weak
contrast was performed for both the MDD and CTLuga The MDDs group showed
weaker activity in the left precuneus, left anteamgulate cortex, and right precentral

gyrus during the Strong-fear relative to the Weakef (Figure 2, Table 1).
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Functional Connectivity Results

The Strong-Fear and Weak-Fear conditions as weahe@ contrast between these
two conditions were examined in a functional coninég analysis based on the
pathophysiological interactions method using sdexs the bilateral subgenual ACC
(Table 2).Our findings show that in the Strong-Fefeak-Fear contrast, depressed
adolescents showed a stronger connection betweargtit subgenual ACC seed and the
left amygdala/striatum. (Table 2), and a weakemegation between the right subgenual
ACC seed and the left fusiform gyrus, right preaseight medial frontal gyrus, left
cingulate, right insula region, and right mediahgeoral gyrus. Furthermore, depressed
adolescents showed a stronger connection betwedaftlsubgenual ACC seed and the

left insula, left cingulate, right insula, left matifrontal gyrus and the left medial frontal

gyrus.

Brain-Behavioral Correlation Analysis

Functional connectivity differences between tlghtisubgenual ACC and the
right precuneus were found to inversely correlaté the Beck Depression Inventory
(BDI-II; r=-0.623, p=0.004) and the Children’s Depsion Inventory (CDI; r=-0.562,
p=0.012). Right subgenual ACC to right medial fedrgyrus connectivity difference
between the two groups was found to positivelyedate with the PARS (r=0.532,
p=0.034). Connectivity differences between thetrggibgenual ACC and the right
medial temporal gyrus was found to positively clatiee with the MADRS (r=0.469,
p=0.043). Finally, connectivity differences betwéka left subgenual ACC and the right

insula was found to positively correlate with th&RS (r=0.535, p=0.033).



Discussion

This study had several major findings. First, @sped adolescents, in contrast to
age-matched healthy adolescents, showed decreatsetian to a fearful face
processing task in the anterior cingulate anddeftuneus. Second, while brain
activation did not differ significantly during emamnal face processing, the connective
networks between the subgenual ACC and the amygol@auneus, insula and fusiform
gyrus was significantly disrupted. Overall, the ekegsed group showed greater
connective recruitment in conjunction with the seitagal anterior cingulate during low
fear faces, but less recruitment during high faae$. This suggests adolescent

depression may, in part, be characterized by ayowdulated affective circuit.

Whole brain:

Our whole brain analysis revealed that MDD exleithitlecreased activity regions
part of the default mode network, specifically b precuneus and the left anterior
cingulate cortex. The default mode network includggons such as medial prefrontal
cortex (MPFC), the anterior cingulate cortex (ACtE posterior cingulate cortex
(PCC), the precuneus, and the dorsomedial thalé@nascius et al. 2003). The
precuneus is posited as a brain region responfsibfgssive acquisition of external and
internal information during resting state (Raicéteal. 2001). Our finding suggests that
MDDs may exhibit a failure to recruit the precunéusing acquisition of increasingly
negative emotions, and that a different mechanssragponsible for the abnormal

suppression of these regions.
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Adult studies have shown an increase in ACC inreeged individuals compared
to normal controls (65). However, other studiesvskitat there appears to be a
distinction between different regions of the AC@eS&ifically, studies have shown
hyperactivity of the subgenual ACC (Mayberg 2008} loypoactivity of the dorsal ACC
(Davidson et al. 2002). Visual analysis of our véhbtain ACC findings show that they
are part of the dorsal ACC (Figure 2b), making fmding consistent with findings of
dorsal ACC abnormalities in adult depression studie

Emotional faces have been shown to activate teegptral gyrus (62). Our
findings show that MDDs show a deactivation in pihecentral gyrus in response to
emotional faces compared to normal controls (Fi@a)e One explanation for this
difference in findings is that the study by (Caal&013) used happy, sad, and angry
faces, whereas in this task we used faces witkrthfy degrees of fear. This suggests that
various types of emotions are processed throudérdift pathways and that
abnormalities in the precentral gyrus are assatiaith abnormal fear processing in
adolescents with depression. Additional studiesishattempt to elucidate the role of

precentral gyrus during processing of different 8ams in depression.

Functional Connectivity

PPI analysis show that there is a substantiadidiffce in networks relating to the
subgenual ACC between MDD and CTL groups in respém&n emotional stimulus,
consistent with the overwhelming majority of segldemonstrating the significance of
subgenual ACC as a key factor in depression-reladaork alterations (Connolly et al.

2013, Yang et al. 2009). As predicted in our hypets, we observed increased
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functional connectivity between the subgenual A@QG the amygdala in response to
increasing levels of fear emotion (Table 2, Fig8®e Figure 4A), which is consistent
with prior studies that implemented an independemponents analysis and reported
greater coactivation of the sgACC, thalamus, preagnand orbitofrontal cortex in MDD
relative to CTL subjects (Greicius et al. 2007)e Hubgenual ACC has shown to play a
role in the regulation of amygdala activity in agulYang et al. 2009). Here we
demonstrate that this regulation is abnormal inesb@nts with depression during the
processing of negative stimuli, and that perhadmlescents with depression, the
subgenual ACC is abnormally recruiting amygdalavdgt leading to altered emotional

processing and increased ruminative thoughts porese to negative emotional stimulus.

Our findings extend prior work and support theiaothat function within an
emotion processing circuit that includes the sgA€@&berrant in MDD both at rest and
during emotion processing (Connolly et al. 2013)n@rging results suggest that the
SgACC is hyperactive in MDDs at rest and in heaitblnteers during induced sadness
(Mayberg et al. 1999). Previous studies in bothtaahd adolescent depression literature
demonstrate increased activity in the amygdalandugimotional processing ( Yang et al.
2010; Perlman et al. 2012; Greening et al. 2018yBXs et al. 2008). Our findings
suggest that the amygdala hyperactivity may be habeld by increased connectivity
between the amygdala and the subgenual ACC duroaepsing of negative emotional
stimuli. It is possible that this increased conivéigt between the subgenual ACC and the
amygdala could play a role in depressed individuaés towards negative stimuli.

Furthermore, abnormal connectivity in MDDs betwéss subgenual ACC and the
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amygdala may suggest a ruminative coping mechaimsdolescents with depression.

Our findings also demonstrate negative connegthwttween the right subgenual
ACC and the right precuneus in MDDs compared tonabicontrols (Table 2, Figure 3B,
Figure 4A) in the Strong-Fear minus Weak-Fear domdi The precuneus has shown to
play a significant role in self-related awareneass stimulus processing and is part of the
default mode network. A negative connectivity bedwéhe precuneus and the subgenual
ACC suggests that MDDs show alterations in theuefaode network that may affect
internal awareness and processing of negativebneald stimulus. Furthermore,
connectivity to the right precuneus negatively etated with depression scores,
suggesting that adolescents with the most seveesad depression exhibit almost no
connectivity between the right precuneus and thgesoual ACC, whereas those with the
least severe depression show high negative coritgdietween the two regions.
Interestingly, healthy adolescents show a strorgitipe connectivity between the right
precuneus and the subgenual ACC. These resultsgether suggest that depressed
adolescents show decreased connectivity betweesutigenual ACC and the right
precuneus, and that those who are less depresgeldpl@ coping mechanism in
response to a negative stimulus through an unknatimvay that decreases depressive
symptoms and form an inverse connection betweenutthgenual ACC and the right
precuneus, whereas those who did not develop tipisg mechanism (and subsequently
show little or no connectivity between the two matg) were more severely depressed.
Perhaps the interactions of these two regions ednrther explored in future studies as a

possible predictor of depression severity and asomeeof treatment prognosis.
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Our findings demonstrate negative functional catimgy between the bilateral
subgenual ACC and its ipsolateral insula regiorb(@ &, Figure 3C, 3D, 3E). The insula
has been understood as being involved in the simgainechanism between the default
and saliency network (Menon 2011). Adult depressimdies have shown that MDDs
exhibit an increase in functional connectivity beém these two regions during sad mood
induction. (Anand et al. 2005) The connectivityvoe¢n the subgenual ACC and the
insula has been implicated to provide the “inputd &output” components for a system
based on self-awareness. A recent study has deratmusto-activation of the subgenual
ACC and the insula in response to pain (Medforal.€2010), which is considered an
interoceptive feeling (Craig 2009). Cullen et(@D09) proposed that decreased
connectivity between the subgenual ACC and thelansiay be related to adult
depressive symptoms such as somatic complaintaegative bias in interpreting
interpersonal feedback. The study by Connolly ef24113) showed that adolescents with
MDD exhibited increased connectivity between thiegamual ACC and the bilateral
insulae during resting state. However, this isfits¢ study that showed negative
functional connectivity between the two nodes spanse to a negative emotion (Table
4A, 4B). Furthermore, we found that this pathwagreated positively with the PARS,
suggesting its possible contribution in produciegative bias processing in anxiety
disorders. This finding suggests that the subgeAC&l — insula dysfunction in
adolescent depression contributes to abnormailitipsocessing and perception of a
negative emotional visual input.

A previous study by Stella & Chan (2009) foundarelation between increased

fusiform gyrus activation in those with high-riskrfdeveloping depression and
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increasingly fearful facial emotional stimulus, gagting that individuals high-risk for
depression may perceive negative expressions as setirthreatening compared to
normal individuals. Our whole-brain analysis did reveal differences in fusiform gyrus
between groups. This may be due to the fact theaSt Chan (2009) did not use a
clinically depressed sample, but rather a sampiediiduals with high-risk for
depression. This may also be attributed to a dewedmtal difference between adolescent
and adult populations. However, our connectivibdings show that the connection
between subgenual ACC and fusiform gyrus was dsheul in depressed adolescents
compared to normal healthy controls in the viewohghcreasingly fearful faces (Table
2), suggesting that the subgenual ACC may provwdialaibitory effect on the fusiform
gyrus, such that a decrease in the subgenual A@QGiform gyrus connection may
produce sub-threshold levels of increase fusifoynug activity. Further studies are
needed to examine this relationship in greaterildeta

Dysfunctions in the dorsolateral prefrontal coréea highly implicated in the
study of both adult and adolescent depression (Elaybt al 1999). We did not find
connectivity between subgenual ACC and dIPFC iparse to negatively valenced
stimuli. Frontocingulate dysfunctions was foundiadies of adult depression (Mayberg
et al. 1999) but were not replicated in this stublyis may suggest a developmental
difference between adult and adolescent depressidrurther research is required to
assess the significance of this difference andiiscal manifestations.

Further analysis into our functional connectiviggults reveals an interesting
trend: there is an overall strengthening in conmggtbetween the bilateral subgenual

ACC and limbic regions during the Weak-Fear cooditonly (Figure 4E, 4F). However,
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connectivity between the bilateral subgenual AC@ lanbic regions is decreased during
the Strong-Fear condition (Figure 4C, 4D). Thesalte suggest that the MDD may be
overreactive to faces close to neutral/low feareggions, and abnormally reactive to
strongly fearful faces. Further studies shouldprthis network for other emotive faces

and investigate if these deficits are amelioratgtieatment.

Conclusion

Overall, our findings show that the subgenual A@&ys a key role in modulating
perceptual and cognitive processes, and thatalbket depression, adolescent depression
involves a disruption of networks involving the genbual ACC. We confirmed our
hypothesis that emotional processing to fear witlkee communication between the
subgenual ACC and the amygdala in adolescentsdejhession. However, we were not
able to correlate this finding to clinical scalEgally, we provided a mechanism by
which altered subgenual ACC to precuneus connégtivay lead to and be used as a
predictor of depression severity and a measureeafrhent prognosis. Overall, our
results build towards a model of a disrupted nekworclinically depressed adolescence
such that low fear/neutral faces are deemed thmemfeind a wider network is recruited.
However, when strong fear faces are processed i@ b not effectively recruit these
regions in contrast to healthy controls. This sgggé&at MDD may be over reactive to
mildly emotive faces but may not effectively modelarousal for strongly emotive
faces. Further studies should probe this netwarkftieer emotive faces and investigate if

these deficits are ameliorated by treatment.



Figuresand Tables

Table 1. Whole brain analysis of Strong-Fear mMiesak-Fear contrast between MDDs
and CTLs. The direction refers to a numerical conspa between the percent signal
change between the two groups. The cluster sieesréd the number of voxels of
significant difference between the two groups. Bawmtel refers to a block of 4x4x4mm
cube of brain tissue. Location is given by the Xa¥ig Z coordinates in standardized
(Talairach ) space.

Whole-Brain Analysis
Strong-Fear —Weak-Fear contrast

Brain Direction Cluster Size X Y Z
Region (number of
voxels)
L Precuneus CTL > 22 -7 64 40
MDD
L ACC CTL > 11 -19 -33 21
MDD
R Precentral CTL > 11 49 11 30
Gyrus MDD
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Table 2. Functional connectivity analysis of Strafear minus Weak-Fear between
MDDs and CTLs using the bilateral subgenual AC@ asiori seeds. The direction
refers to a numerical comparison between the pestgnal change between the two
groups. The cluster size refers to the number gélgoof significant difference between
the two groups. Each voxel refers to a block ofdm cube of brain tissue. Location
is given by the X,Y, and Z coordinates in standagdi(Talairach ) space. Significant
regions under discussion are highlighted in yellow.

Functional Connectivity Analysis
Strong-Fear — Weak-Fear contrast

Seed Direction Cluster L ocation Cluster
(x,y,2 Size
(number
of voxels)
R-sgACC MDD > CTL L Amygdala/Striatum -16,10,-8 11
R-sgACC CTL > MDD L FFA -31,74,-18 32
R-sgACC CTL> MDD R Precuneus 23,64,49 30
R-sgACC CTL > MDD R MFG 21,-10,54 26
R-sgACC CTL> MDD L Cingulate -3,45,36 17
R-sgACC CTL > MDD R STG/Insula 53,45,21 12
R-sgACC CTL > MDD R MTG 57,16,-9 11
L-sgACC CTL > MDD L Putamen/Insula -28,-14,6 18
L-sgACC CTL> MDD L Cingulate -4,-20,26 14
L-sgACC CTL> MDD R Insula/Putamen 31,-16,2 13
L-sgACC CTL >MDD L MFG/Cingulate -5,-13,41 13

L-sgACC CTL > MDD L MTG -49,46,11 12
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fear strong fear moderate

3000 ms 2000 ms
—

Figure 1. Task Description. A. A visualization atés exhibiting different degrees of
fear (Fear-Strong, Fear-Moderate, Fear-Weak/NguBalGender discrimination task
lasts 3000ms, with an average of 2000ms of intalferiod where the subject is shown
a fixation cross.
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Figure 2. A visual of the whole brain BOLD resultsages are in standardized
(Talairach) space and are generated using AFNIlidReghowing decreased activity in
MDDs compared to normal controls are displayeduebA. Decreased activity in the
left precuneus. B. Decreased activity in the |l6ft@\ C. Decreased activity in the right
precentral gyrus.
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Figure 3. A visual of the functional connectivigsults using PPI. Images are in
standardized (Talairach) space and are generaitegl ABNI. Regions showing increased
connectivity in MDDs compared to normal controle drsplayed in red, and regions
showing decreased connectivity in MDDs are displaypeblue. A. Increased
connectivity between the right subgenual ACC anii Aeygdala. B. Decreased
connectivity between the right subgenual ACC amdritpht precuneus. C.Decreased
connectivity between the right subgenual ACC amdright insula. D. Decreased
connectivity between the left subgenual ACC andéftensula/putamen. E Decreased
connectivity between the left subgenual ACC andritiet insula/putamen



Figure 3. Continued.
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Functional Connectivity Analysis
Right Subgenual ACC seed in Strong-Fear minus Weak-Fear condition

0.06
0.04
0.02
Fz o m MDD
mCTL
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-0.06

-0.08

Figure 4A. A bar graph depicting functional conimatt results using the PPI method
tailored for fMRI using the right subgenual ACCths seed region during Strong-Fear
minus Weak-Fear contrast. The y-axis displays thlkdf Z-scores.

Functional Connectivity Analysis
Left Subgenual ACC seed in Strong-Fear minus Weak-Fear
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-0.08

Figure 4B. A bar graph depicting functional connett results using the PPI method
tailored for fMRI using left subgenual ACC as tleed region during Strong-Fear minus
Weak-Fear contrast. The y-axis displays the FiZhgrores.
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Figure 4C. A bar graph depicting functional connaigt results using the PPI method

tailored for fMRI usingight subgenual ACC as the seed region dutrgng-Fear

condition only.The y-axis displays the Fisher Z-scores.
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Figure 4D. A bar graph depicting functional connegtt results using the PPI method

tailored for fMRI usingeft subgenual ACC as the seed region du8trgng-Fear

condition only.The y-axis displays the Fisher Z-scores.



0.08

0.06

0.04

0.02

-0.02

-0.04

-0.06

Right subgenual ACC seed during Weak-Fear condition only

= MDD

mCTL

36

Figure 4E. A bar graph depicting functional connatgst results using the PPI method

tailored for fMRI usingight subgenual ACC as the seed region dutepk-Fear

condition only.The y-axis displays the Fisher Z-scores.
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Figure 4F. A bar graph depicting functional connatst results using the PPI method

tailored for fMRI usingeft subgenual ACC as the seed region duwepk-Fear

condition only.The y-axis displays the Fisher Z-scores.



References

Anand, A., Y. Li, Y. Wang, J. Wu, S. Gao, L. Bukhaf. P. Mathews, A. Kalnin and M.
J. Lowe (2005). "Activity and connectivity of bramood regulating circuit in
depression: a functional magnetic resonance stiigl'Psychiatry57(10): 1079-1088.

Bourke, C., K. Douglas and R. Porter (2010). "Pssagg of facial emotion expression in
major depression: a review." Aust N Z J Psychid#{8): 681-696.

Brown, S. A., M. G. Myers, L. Lippke, S. F. Tapddt, G. Stewart and P. W. Vik (1998).
"Psychometric evaluation of the Customary Drinkamgl Drug Use Record (CDDR): a
measure of adolescent alcohol and drug involverh@r8tud Alcohob9(4): 427-438.

Carvajal, F., S. Rubio, J. M. Serrano, M. Rios-LaydAlvarez-Linera, L. Pacheco and P.
Martin (2013). "Is a neutral expression also a rastimulus? A study with functional
magnetic resonance." Exp Brain Res

Center for Substance Abuse Treatment. (2008). “AdpeD—DSM-IV-TR Mood
Disorders."

Chan, S. W. Y., R. Norbury, G. M. Goodwin and CHarmer (2009). "Risk for
depression and neural responses to fearful faggkssions of emotion.”

Chen, G. (2012). "Context-Dependent Correlationlpsia — AFNI and NIfTI Server
for NIMH/NIH/PHS/DHHS/USA/Earth."

Cole MW, S. W. (2007). "The cognitive control netWolntegrated cortical regions with
dissociable functions37(1): 343—-360.

Connolly CG, W., J, Ho, T, Hoeft F, Wolkowitz O,9éndrath S, Frank G, Hendren R,
Max JE, Paulus MP, Tapert SF, Banerjee D, SimmawsYeang TT (2013). Resting
state functional connectivity of subgenual anteciagulate cortex in depressed
adolescents. Biological Psychiatry.

Cox, R. W. (1996). "AFNI: software for analysis andualization of functional magnetic
resonance neuroimages.” Comput Biomed 2%3): 162-173.

Craig, A. D. (2009). "How do you feel--now? Theenmr insula and human awareness.
Nat Rev NeurosclO(1): 59-70.

Cullen, K. R., D. G. Gee, B. Klimes-Dougan, V. GappL. Hulvershorn, B. A. Mueller,
J. Camchong, C. J. Bell, A. Houri, S. Kumra, K.L@n, F. X. Castellanos and M. P.
Milham (2009). "A preliminary study of functionabenectivity in comorbid adolescent
depression.” Neurosci Let60(3): 227-231.

37



38

Davey, C. G., M. Yucel, N. B. Allen and B. J. Haon (2012). "Task-related
deactivation and functional connectivity of the gebual cingulate cortex in major
depressive disorder." Front Psychiadryi4.

Davidson, R. J., D. Pizzagalli, J. B. Nitschke &dPutnam (2002). "Depression:
perspectives from affective neuroscience.” Annu Reycholb3: 545-574.

Drevets WC, G. K., Krishnan KRR (2004). The neuodtmical foundation of mental
illness, 2nd editionOxford university press, NY.

Drevets, W. C., J. L. Price and M. L. Furey (2008)ain structural and functional
abnormalities in mood disorders: implications feurocircuitry models of depression.”
Brain Struct Funcp13(1-2): 93-118.

Drevets, W. C. and M. E. Raichle (1992). "Neuroamatal circuits in depression:
implications for treatment mechanisms." PsychoplaaohBull 28(3): 261-274.

Drevets, W. C. and R. D. Todd (2005). "Depresshania, and Related Disorders.".

Drevets, W. C., T. O. Videen, J. L. Price, S. Hedkorn, S. T. Carmichael and M. E.
Raichle (1992). "A functional anatomical study ofpolar depression.” J Neurosci
12(9): 3628-3641.

Ekman P, Freisen WV (1976) Pictures of Facial Afféalo Alto, CA: Consulting
Psychologists Press.

Fair, D. A., A. L. Cohen, N. U. Dosenbach, J. Au@ih, F. M. Miezin, D. M. Barch, M.
E. Raichle, S. E. Petersen and B. L. Schlaggar§200Uhe maturing architecture of the
brain's default network.” Proc Natl Acad Sci U S@5(10): 4028-4032.

Fales, C. L., D. M. Barch, M. M. Rundle, M. A. Mumt, A. Z. Snyder, J. D. Cohen, J.
Mathews and Y. I. Sheline (2008). "Altered emotidngerference processing in
affective and cognitive-control brain circuitry major depression.” Biol Psychiatry
63(4): 377-384.

Fleming, J. E. and D. R. Offord (1990). "Epidemgpfcf childhood depressive
disorders: a critical review." J Am Acad Child Adet Psychiatr9(4): 571-580.

Friston, K. J., C. Buechel, G. R. Fink, J. Mor&s,Rolls and R. J. Dolan (1997).
"Psychophysiological and modulatory interactions@uroimaging.” Neuroimad#3):
218-229.

Frodl, T., E. M. Meisenzahl, T. Zetzsche, C. Bdvh,Jager, C. Groll, R. Bottlender, G.
Leinsinger and H. J. Moller (2003). "Larger amygdablumes in first depressive episode



39

as compared to recurrent major depression andhyeadntrol subjects.” Biol Psychiatry
53(4): 338-344.

Greening, S. G., E. A. Osuch, P. C. Williamson Bn@. Mitchell (2013). "The neural
correlates of regulating positive and negative éonstin medication-free major
depression.” Soc Cogn Affect Neurasci

Greicius, M. D., B. H. Flores, V. Menon, G. H. GeayH. B. Solvason, H. Kenna, A. L.
Reiss and A. F. Schatzberg (2007). "Resting-statetional connectivity in major
depression: abnormally increased contributions fsoivgenual cingulate cortex and
thalamus.” Biol Psychiatr§2(5): 429-437.

Greicius, M. D., B. Krasnow, A. L. Reiss and V. Men(2003). "Functional connectivity
in the resting brain: a network analysis of theadé&fmode hypothesis." Proc Natl Acad
Sci U S A100(1): 253-258.

Haggerty, J. (2006). "Risk Factors for Depressi®sych Central

Hamilton, J. P., G. Chen, M. E. Thomason, M. E. vtz and I. H. Gotlib (2011).
"Investigating neural primacy in Major Depressivis@der: multivariate Granger
causality analysis of resting-state fMRI time-sefiata.” Mol Psychiatry6(7): 763-772.

Hankin, B. L., L. Y. Abramson, T. E. Moffitt, P. Ailva, R. McGee and K. E. Angell
(1998). "Development of depression from preadolesed¢o young adulthood: emerging
gender differences in a 10-year longitudinal studyAbnorm Psychol07(1): 128-140.

Huettel, S. A., A. W. Song and G. McCarthy (201B)nctional Magnetic Resonance
Imaging: Data Acquisition and Analysis (2nd ed/assachusetts, Sinauer.

Hulvershorn, L. A., K. Cullen and A. Anand (201T)oward dysfunctional connectivity:
a review of neuroimaging findings in pediatric nrajepressive disorder.” Brain Imaging
Behav5(4): 307-328.

Jin, C., C. Gao, C. Chen, S. Ma, R. Netra, Y. WangZhang and D. Li (2011). "A
preliminary study of the dysregulation of the negtnetworks in first-episode
medication-naive adolescent depression.” NeurosttbD3(2): 105-109.

Kelly, A. M., A. Di Martino, L. Q. Uddin, Z. ShehdaD. G. Gee, P. T. Reiss, D. S.
Margulies, F. X. Castellanos and M. P. Milham (200Bevelopment of anterior
cingulate functional connectivity from late childiebto early adulthood.” Cereb Cortex
19(3): 640-657.

Kendler, K. S., M. Gatz, C. O. Gardner and N. Ldé&een (2006). "A Swedish national
twin study of lifetime major depression.” Am J Psatry 163(1): 109-114.




40

Kessler, R. C., S. Avenevoli and K. Ries Merikan(301). "Mood disorders in children
and adolescents: an epidemiologic perspective I'Bsgchiatry49(12): 1002-1014.

Kessler, R. C., K. A. McGonagle, M. Swartz, D. Ga®er and C. B. Nelson (1993). "Sex
and depression in the National Comorbidity Survelifetime prevalence, chronicity
and recurrence.” J Affect Diso9(2-3): 85-96.

Kim, J. M., R. Stewart, I. S. Shin, J. S. Yoon &hdr. Lee (2004). "Lifetime urban/rural
residence, social support and late-life depressidforea.” Int J Geriatr Psychiatry
19(9): 843-851.

Leppanen, J. M. (2006). "Emotional information mesing in mood disorders: a review
of behavioral and neuroimaging findings." Curr OPsychiatryl9(1): 34-39.

Lewinsohn, P. M., G. N. Clarke, J. R. Seeley anBéhde (1994). "Major depression in
community adolescents: age at onset, episode dorand time to recurrence.” J Am
Acad Child Adolesc PsychiatB3(6): 809-818.

Lewinsohn, P. M., P. Rohde, D. N. Klein and J. Bel8y (1999). "Natural course of
adolescent major depressive disorder: I. Continaity young adulthood.” J Am Acad
Child Adolesc Psychiatr$8(1): 56-63.

Luking, K. R., G. Repovs, A. C. Belden, M. S. Gajfr K. N. Botteron, J. L. Luby and D.
M. Barch (2011). "Functional Connectivity of the A&gdala in Early Childhood Onset
Depression." J Am Acad Child Adolesc Psychid&®g10): 1027-1041 e1023.

MacMaster, F. P., Y. Mirza, P. R. Szeszko, L. E.i&gik, P. C. Easter, S. P. Taormina,
M. Lynch, M. Rose, G. J. Moore and D. R. Rosenl§28§8). "Amygdala and
hippocampal volumes in familial early onset majepiessive disorder.” Biol Psychiatry
63(4): 385-390.

Mayberg, H. S., M. Liotti, S. K. Brannan, S. McGisyR. K. Mahurin, P. A. Jerabek, J.
A. Silva, J. L. Tekell, C. C. Martin, J. L. Lancasaind P. T. Fox (1999). "Reciprocal
limbic-cortical function and negative mood: conuaggPET findings in depression and
normal sadness.” Am J Psychiat®6(5): 675-682.

Mayberg, H. S., A. M. Lozano, V. Voon, H. E. McNgeD. Seminowicz, C. Hamani, J.
M. Schwalb and S. H. Kennedy (2005). "Deep bramuation for treatment-resistant
depression.” Neuro#5(5): 651-660.

Medford, N. and H. D. Critchley (2010). "Conjointtevity of anterior insular and
anterior cingulate cortex: awareness and respoBsaifi Struct Func?14(5-6): 535-
549.




41

Menon, V. (2011). "Large-scale brain networks asgcpopathology: a unifying triple
network model.” Trends Cogn SE(10): 483-506.

NAMI. (2013). “Depression in Children and Adolestehfrom
http://www.nami.org/Template.cfm?Section=By llin&ssmplate=/ContentManagement
/ContentDisplay.cfm&ContentID=88551.

National Institute of Mental Health. (2013). "TNembers Count: Mental Disorders in
America."

Norusis, (1990). M. J. N. S. B. S. U. s. G. SChjcago.
Ogawa, S., T. M. Lee, A. R. Kay and D. W. Tank (@QR9Brain magnetic resonance

imaging with contrast dependent on blood oxygemndtiBroc Natl Acad SciU S A
87(24): 9868-9872.

Oldfield, R. C. (1971). "The assessment and amalyshandedness: the Edinburgh
inventory.” Neuropsychologi&(1): 97-113.

Pauling, L. and C. D. Coryell (1936). "The Magnéioperties and Structure of
Hemoglobin, Oxyhemoglobin and Carbonmonoxyhemogldli?roc Natl Acad SciU S
A 22(4): 210-216.

Perlman, G., A. N. Simmons, J. Wu, K. S. Hahn, S dpert, J. E. Max, M. P. Paulus, G.
G. Brown, G. K. Frank, L. Campbell-Sills and T.Ylang (2012). "Amygdala response
and functional connectivity during emotion regudati a study of 14 depressed
adolescents." J Affect DisofB9(1): 75-84.

Phillips, M. L., W. C. Drevets, S. L. Rauch andLRne (2003). "Neurobiology of
emotion perception I: The neural basis of normabton perception.” Biol Psychiatry
54(5): 504-514.

Pine, D. S., E. Cohen, P. Cohen and J. Brook (198@plescent depressive symptoms
as predictors of adult depression: moodiness ordnagsnrder?” Am J Psychiatiy6(1):
133-135.

Raichle, M. E., A. M. MacLeod, A. Z. Snyder, WRbwers, D. A. Gusnard and G. L.
Shulman (2001). "A default mode of brain functioRrbc Natl Acad Sci U S A8(2):
676-682.

Roberson-Nay, R., E. B. McClure, C. S. Monk, ENEIson, A. E. Guyer, S. J. Fromm,
D. S. Charney, E. Leibenluft, J. Blair, M. Ernstldd. S. Pine (2006). "Increased
amygdala activity during successful memory encodingdolescent major depressive
disorder: An FMRI study." Biol Psychiat80(9): 966-973.




42

Scheuerecker, J., E. M. Meisenzahl, N. KoutsoulétisRoesner, V. Schopf, J. Linn, M.
Wiesmann, H. Bruckmann, H. J. Moller and T. Fr&f1X0). "Orbitofrontal volume
reductions during emotion recognition in patienthwnajor depression." J Psychiatry
Neurosci35(5): 311-320.

Sheline, Y. I., D. M. Barch, J. M. Donnelly, J. Rllinger, A. Z. Snyder and M. A.
Mintun (2001). "Increased amygdala response to sthsknotional faces in depressed
subjects resolves with antidepressant treatmerftivigi study.” Biol Psychiatrys0(9):
651-658.

Sheline Y1, P. J., Yan Z, Mintun MA., S. Y1, P. JX, Z and M. MA (2010). "Resting-
state functional MRI in depression unmasks incréas@nectivity between networks via
the dorsal nexus." Proceedings of the National Aoadof Sciences of the United States
of Americal07(24).

Sheline, Y. I., J. L. Price, Z. Yan and M. A. Mint(2010). "Resting-state functional
MRI in depression unmasks increased connectivitywéen networks via the dorsal
nexus." Proc Natl Acad Sci U S®7(24): 11020-11025.

Shimony, J. S., D. Zhang, J. M. Johnston, M. D.,FaxRoy and E. C. Leuthardt (2009).
"Resting-state spontaneous fluctuations in braiiviac a new paradigm for presurgical
planning using fMRI." Acad Radidl6(5): 578-583.

Siegle, G. J., C. S. Carter and M. E. Thase (2008e of FMRI to predict recovery
from unipolar depression with cognitive behaviaerdpy." Am J Psychiatry63(4): 735-
738.

Sliz, D. and S. Hayley (2012). "Major Depressivas@der and Alterations in Insular
Cortical Activity: A Review of Current Functional &gnetic Imaging Research." Front
Hum Neuroschb.

Stewart, W. F., J. A. Ricci, E. Chee, S. R. Hahth BnMorganstein (2003). "Cost of lost
productive work time among US workers with depressiJama89(23): 3135-3144.

Tanner, JM. (1955). Growth at adolescer®®lackwell Scientific Publications, Oxford.
Charles C. Thomas and Ryerson Press, 1955.

Terroni, L., E. Amaro, D. V. losifescu, G. Tinork,R. Sato, C. C. Leite, M. F. M.
Sobreiro, M. C. S. Lucia, M. Scaff and R. Fragu&l(). "Stroke lesion in cortical
neural circuits and post-stroke incidence of mdgpressive episode: A 4-month
prospective study." World J Biol Psychiatt®(7): 539-548.

Thomas, K. M., W. C. Drevets, R. E. Dahl, N. D. RyB. Birmaher, C. H. Eccard, D.
Axelson, P. J. Whalen and B. J. Casey (2001). "Adaj@response to fearful faces in
anxious and depressed children.” Arch Gen Psyett&(l1): 1057-1063.




43

Wen, W., Y. He and P. Sachdev (2011). "Structurairbnetworks and neuropsychiatric
disorders.” Curr Opin Psychiat®#(3): 219-225.

Yang, T. T., A. N. Simmons, S. C. Matthews, S. &pdrt, G. K. Frank, A. Bischoff-
Grethe, A. E. Lansing, J. Wu, G. G. Brown and MPRulus (2009). "Depressed
adolescents demonstrate greater subgenual anterguiate activity.” Neuroreport
20(4): 440-444.

Yang, T. T., A. N. Simmons, S. C. Matthews, S. &pdrt, G. K. Frank, J. E. Max, A.
Bischoff-Grethe, A. E. Lansing, G. Brown, I. A. §ty, J. Wu and M. P. Paulus (2010).
"Adolescents with major depression demonstrateeas®d amygdala activation.” J Am
Acad Child Adolesc Psychiatd9(1): 42-51.






