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Abstract

Background—Major depressive disorder (MDD) is a leading cause of disability worldwide and
occurs commonly first during adolescence. The insular cortex (IC) plays an important role in
integrating emotion processing with interoception and has been implicated recently in the
pathophysiology of adult and adolescent MDD. However, no studies have yet specifically
examined the IC in adolescent MDD during processing of faces in the sad- happy continuum.
Thus, the aim of the present study is to investigate the 1C during sad and happy face processing in
adolescents with MDD compared to healthy controls (HCL).
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Methods—Thirty-one adolescents (22 female) with MDD and 36 (23 female) HCL underwent a
well-validated emotional processing fMRI paradigm that included sad and happy face stimuli.

Results—The MDD group showed significantly less differential activation of the anterior/middle
insular cortex (AMIC) in response to sad versus happy faces compared to the HCL group. AMIC
also showed greater functional connectivity with right fusiform gyrus, left middle frontal gyrus,
and right amygdala/parahippocampal gyrus in the MDD compared to HCL group. Moreover,
differential activation to sad and happy faces in AMIC correlated negatively with depression
severity within the MDD group.

Limitations—Small age-range and cross-sectional nature precluded assessment of development
of the AMIC in adolescent depression.

Conclusions—Given the role of the IC in integrating bodily stimuli with conscious cognitive
and emotional processes, our findings of aberrant AMIC function in adolescent MDD provide a
neuroscientific rationale for targeting the AMIC in the development of new treatment modalities.

Keywords

adolescent major depressive disorder; anterior insular cortex; functional magnetic resonance
imaging; functional connectivity

Introduction

Major depressive disorder (MDD) is considered the fourth leading global cause of disease
burden (Ustun et al., 2004) and it is the leading cause of disability among Americans aged
15 to 44, with about 11 percent of U.S. adolescents having a depressive disorder by age 18
(Merikangas et al., 2010). Adolescent-onset depression is related to more severe depressive
symptoms and an elevated risk of future recurrent episodes (Berndt et al., 2000; Hollon et
al., 2006; Zisook et al., 2007), compared to adult onset of MDD. Elucidating the
neurobiological mechanisms of emotional processing early in the disease course may help us
more precisely target future treatment of adolescent depression and thereby more efficiently
reduce prevalence of and decrease the propensity for recurrent depressive episodes.

Prior studies examining the neurobiological mechanisms of MDD have demonstrated that
using emotional face tasks in conjunction with fMRI reliably activates the neural circuitry
implicated in MDD (Fusar-Poli et al., 2009; Joormann and Gotlib, 2006; Mayberg, 1997;
Phillips et al., 2003; Stuhrmann et al., 2011). Differences at multiple levels in the processing
of emotional faces have been shown between MDD and healthy controls: 1. sensory
occipital areas such as the fusiform gyrus and the superior temporal sulcus, 2. a more
extended system supporting the interpretation of facial information, including the amygdala,
insula and orbitofrontal areas and 3. prefrontal areas engaged in cognitive control (Drevets
et al., 2008; Haxby et al., 2000; Mayberg, 1997; Price and Drevets, 2012; Stuhrmann et al.,
2011). The literature also supports the notion that biases in the processing and interpretation
of human facial emotional expressions as social cues may be one of the underlying
mechanisms of MDD (Gotlib et al., 2004; Joormann and Gotlib, 2006; Joormann et al.,
2007; Kujawa et al., 2011). These biases (detailed below) may contribute to the
development, maintenance, and relapse of depressive symptoms (Foland-Ross and Gotlib,
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2012; Lai, 2014; Mathews and MacLeod, 2005; Stuhrmann et al., 2011). Importantly,
depressed individuals do not exhibit impaired performance on emotion identification, but
rather show a specific bias to sad (tending to identify neutral faces as sad) and away from
happy faces (tending to identify happy faces as neutral) (Arce et al., 2009; Joormann and
Gotlib, 2006). Similarly, depressed adolescents do not show deficits in the ability to
accurately recognize sad versus happy facial expressions, but a bias towards perceiving low-
intensity expressions as sad (Schepman et al., 2012). Whether this specific depression-
related bias in interpreting sad and happy facial expressions is due to dysfunctions in
sensory regions, regions involved in interpretation of facial expressions and/or cognitive
control remains unclear.

As previously mentioned the insular cortex is a brain area involved in the interpretation of
facial information and it ahs been highlighted as an integrative hub between the sensory,
interpretive and cognitive regions involved in emotional processing (Avery et al., 2013;
Manoliu et al., 2013; Sprengelmeyer et al., 2011), Craig and others (Craig, 2009, 2011) and
others (Chang et al., 2013; Menon and Uddin, 2010) have suggested that the insular cortex
utilizes sensory information from ascending homeostatic afferents together with contextual
input from other cortical brain areas to form a conscious “feeling” or an emotional moment
in time (Craig, 2011). The posterior part receives information about the physiological state
of the body, which is the integrated with information from higher order sensory cortices, as
well as from the amygdala and the anterior cingulate cortex (ACC) in the middle and
anterior part of the insular cortex where emotional awareness, self-recognition and other
functions are represented (Craig, 2010; Nieuwenhuys, 2012).

Thus, it should not be surprising that the insular cortex is implicated in the pathophysiology
of depression and may be dysfunctional in individuals with affective disorders. For example,
structural differences of the anterior insular cortex have been shown in adult MDD
compared to healthy controls (Bora et al., 2012; Peng et al., 2011; Soriano-Mas et al., 2011,
Sprengelmeyer et al., 2011; Stratmann et al., 2014; Takahashi et al., 2010) and task-based
fMRI studies have shown both increased (Hamilton et al., 2012; Sliz and Hayley, 2012) and
decreased activation (Townsend et al., 2010) of the anterior insular cortex in adults with
MDD compared to healthy controls.

While neuroimaging in adult depression suggests a road map to understanding depressive
symptoms in the developing brain, direct translation of the adult findings of differences in
insular cortex activation as characteristics of adolescent depressive symptoms may be
obscured by the major re-organization of the brain occurring from puberty to early
adulthood (Gogtay et al., 2004). Indeed, developmental differences account for much of the
variation in fMRI activation patterns between non-depressed adults and adolescents during
emotion processing (Cho et al., 2012). Furthermore, cortical thickness of distinct brain
regions develops differently depending on their organization and function (Huttenlocher and
Dabholkar, 1997; Shaw et al., 2008). Specifically, changes in the composition of the insular
cortex during adolescence correspond to improved emotional regulatory skills and
refinement of functioning such as improved impulse-control (Sisk and Zehr, 2005; Steinberg
et al., 2009). Paradoxically, the maturation process of the neural circuits involved in
emotional processing (Giedd et al., 2006; Kelly et al., 2009; Romeo and McEwen, 2006)
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may contribute to increased vulnerability to depression during adolescence (Weir et al.,
2012). It is also possible that depressive illness during this specific developmental period
alters neural pruning, which normally supports the acquisition of emotion regulatory skills
(Weir et al., 2012). Both scenarios may result in decreased ability to integrate information
about bodily states with higher-order cognitive and emotional processes in depressed
adolescents, which may explain the depressive symptomatology, the recurrent course, and
long-term functional disability related to this disorder.

There is accumulating evidence that links insular cortex dysfunction to adolescent MDD,
including aberrant patterns of cerebral perfusion (Ho et al., 2013), and activation during
emotional face fMRI paradigms (Ho et al., 2014b; Yang et al., 2010) and altered functional
connectivity (FC) during resting state (Connolly et al., 2013; Cullen et al., 2009) as well as
during emotional processing (Ho et al., 2014a; Perlman et al., 2012). However, to our
knowledge, no fMRI study to date has examined the insular cortex activation and FC during
the processing of sad versus happy facial stimuli in adolescent depression. This would
contribute to our understanding of the role of the insular cortex specifically in relation to
how aberrant integration of sensory and cognitive processing support the emotional biases in
adolescent depression.

Thus, the aim of the present study is to investigate the insular cortex and its related circuitry
during sad and happy face processing in adolescents with MDD compared to well-matched
healthy controls (HCL). We used an emotional face processing task that has been well-
validated in healthy, depressed, anxious, and at-risk adolescents (Beesdo et al., 2009; Monk
et al., 2008; Nelson et al., 2003; Pine et al., 2004; Roberson-Nay et al., 2006), which we
adapted by substituting sad for angry faces. First, based on the reviewed literature, we
hypothesized that the insular cortex, especially the anterior part would show aberrant
activation in MDD in response to sad versus happy faces compared to HCL corresponding
to decreased ability to integrate information about bodily states with cognitive and
emotional processes, (i.e., to process and differentiate sad and happy emotions). Second,
based on previous studies examining face processing in MDD (Stuhrmann et al., 2011), we
theorized that FC between the insular cortex and other brain areas involved in the different
stages of facial emotion processing, including the fusiform gyrus, limbic structures, and
frontal regions, would be altered. We also hypothesized that insular cortex activation and FC
would correlate with depression symptom severity.

Methods

Participants

We recruited a total of 81 participants: 43 HCL and 38 with MDD. One participant from
each group was dropped due to missing behavioral data and a further 12 (six from each
group) were dropped due to excessive motion during scanning. The final groups consisted of
31 (22 female) MDD subjects and 36 (23 female) HCL.

All MDD subjects met full criteria for a current primary diagnosis of MDD according to the
DSM-IV (American Psychiatric Association, 2000) and were excluded from the study if they
had a primary diagnosis of any other psychiatric disorder (for full description of exclusion
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criteria, see the Supplement). All adolescents with MDD were naive to any psychotropic
medications except for five: four had stopped their medication more than a year prior to
scanning and one subject four months prior to scanning. HCL adolescents were excluded
from the study for any of the exclusionary criteria for the depressed group, as well as any
current or lifetime Axis | psychiatric disorder or any family history of mood or psychotic
disorders in first- or second-degree relatives. See Table 1 for a full summary of the clinical
and demographic characteristics of the sample. The institutional review boards of the
University of California (UC) San Diego, UC San Francisco, Rady Children’s Hospital, and
The County of San Diego approved this study. Participants provided written informed assent
and their parent/legal guardian proved written informed consent. All the participants were
financially compensated.

For potentially depressed participants, an MDD diagnosis was validated with the Schedule
for Affective Disorders and Schizophrenia for School-Age Children-Present and Lifetime
Version Task (Kaufman et al., 1997). The presence of Axis | disorders in HCL was
determined using the Diagnostic Interview Schedule for Children Version 4.0 (Shaffer et al.,
2000) and the Diagnostic Predictive Scale (Lucas et al., 2001). In all subjects, depression
severity was measured with the Children’s Depression Rating Scale-Revised (CDRS-R)
(Poznanski, 1996) and Beck Depression Inventory-11 (BDI-11) (Beck et al., 1996); anxiety
symptoms with the Multidimensional Anxiety Scale for Children (MASC) (March et al.,
1997), and level of global functioning by the Children’s Global Assessment Scale (CGAS)
(Dyrborg et al., 2000). The MDD and HCL groups were well-matched on age, gender,
general 1Q (WASI) (Wechsler, 1999), pubertal status (Tanner, 1963), and socioeconomic
status (Hollingshead Two Factor Index of Social Position, HSP)(Hollingshead, 1957). A full
description of the test battery is available elsewhere (Connolly et al., 2013; Ho et al., 2014a;
Ho et al., 2013; Ho et al., 2014b; Yang et al., 2010)

Experimental Stimuli and Task

All subjects underwent a well-validated emotional face processing fMRI paradigm for
adolescents (Beesdo et al., 2009; Monk et al., 2008; Nelson et al., 2003; Pine et al., 2004;
Roberson-Nay et al., 2006). However, we modified the task and replaced angry faces with
sad faces. In brief the task consisted of two phases: encoding and recall. The encoding phase
required participants to view 32 adult actors depicting four sad, happy, fear, and neutral (8
instances each). The pairings of actor with face-emotion were randomized across
participants; thus, participants saw the same set of 32 actors but each actor displayed a
different emotion for each participant. All together, the encoding phase constituted a 160
trial run that lasted 14min 20sec. The 160 trials were divided into four 40-trial epochs that
were further subdivided into four blocks, one for each of the four instructional sets: 1) the
sadness level of the face (“How sad is the face?”); 2) the participant’s emotional reaction to
the face (“How sad does the face make you feel?”); 3) the size of a non-emotional facial
feature (“How wide is the nose?”); 4) passive viewing of the face. With the exception of the
passive viewing condition, subjects made ratings according to each instruction based on a 4-
point scale. Each instruction block consisted of 10 pseudo-randomly presented trials: eight
of which were faces plus two fixation events. Instructions lasted 3000ms and were presented
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prior to each block. Each face image was presented for 4000ms, during which participants
made their responses. Each event (face or fixation) was followed by a variable inter-trial
interval of 750 — 1250ms. The same image of each actor was presented to each participant
for each of the four viewings. Figure 1 illustrates the task. The recall phase took the form of
an unannounced memory test that occurred outside the scanner at the end of the scanning
session. The image set used in the test consisted of 24 previously seen actors and 24 novel
actors, each depicting a neutral expression, which participants rated as old or new.

MR Data Acquisition and Preprocessing

Scanning was performed on a 3T GE MR750 (Milwaukee, WI). One 14min 20sec T2*-
weighted echo planar image (EPI) scan (430 volumes TR/TE=2s/30ms, flip angle=90°,
64%64 matrix, 3x3x3mm voxels, 40 axial slices) was acquired. A T1-weighted scan (TR/
TE=8.1ms/3.17ms, flip angle=12°, 256x256 matrix, 1x1x1mm voxels, 168 sagittal slices)
was acquired to permit spatial normalization and functional localization.

MR Data Analysis

Analyses were conducted using AFNI (Cox, 1996) and FSL (Smith et al., 2004). T1-
weighted images were skull-stripped and transformed to MNI152 space using an affine
transform (Jenkinson et al., 2002; Jenkinson and Smith, 2001) followed by nonlinear
refinement (Andersson et al., 2007a; Andersson et al., 2007b). EPI images were slice-time
and motion corrected, aligned to the T1 images (Saad et al., 2009), smoothed with a 4.2mm
full-width at half-maximum (FWHM) Gaussian filter, grand-mean scaled, and transformed
to MNI152 space at 3x3x3mm resolution. Censoring of outlier volumes and those with
excessive motion was performed (see supplement for details). Preprocessed time-series were
subjected to generalized least squares regression that estimates the serial correlation
structure of the noise with an ARMA(1, 1) model. Time-series of interest were created such
that they started at the onset of a face-emotion image and ended when the next image was
displayed. Four regressors-of-interest were defined: happy, fearful, neutral, and sad.
Regressors were convolved with a gamma-variate prototypical hemodynamic response
function (HRF) (Boynton et al., 1996) and normalized to a peak amplitude of 1. All time-
points not accounted for by these regressors constituted the baseline. Six nuisance motion
regressors (three translation and three rotational) and a 2" order Lagrange polynomial
(accounting for slow signal drift) were included in the baseline. General linear tests (GLTSs)
of each pair of face-emotions (e.g., sad versus happy) were computed for each participant.
Finally, brain activation was operationally defined as percentage signal change relative to
baseline.

Given our hypotheses on sad versus happy face processing, we focused our analyses on
GLTs involving sad and happy face stimuli (i.e., happy versus sad, sad versus neutral, happy
versus neutral). Between-group voxel-wise analyses of the GLTs were accomplished using
linear mixed effects models (LMEs) implemented in R (R Development Core Team, 2014)
where participant was treated as a random effect. Follow-up post-hoc t-tests were conducted
to ascertain the source of differences in regions-of-interest identified from this analysis.
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Functional Connectivity Analysis

We assessed the functional connectivity (FC) between the anterior middle insular cortex
(AMIC) and the whole brain using the psychophysiological interaction (PPI) method
(Friston et al., 1997) using the same method as described in our previously published work
(Fonzo et al., 2010; Ho et al., 20144a; Ho et al., 2014b; Perlman et al., 2012; Simmons et al.,
2008). See the supplement for details. Briefly, the interaction time-series for each GLT were
convolved with a gamma-variate function HRF (Boynton et al., 1996). The 10 regressors
detailed above, the seed (AMIC) time-series, and the interaction regressor (happy versus
sad) were then subjected to multiple linear regression analysis. Correlation coefficients
representing the correlation between each interaction regressor and every other voxel were
calculated and converted to z-scores using Fisher’s r-to-z transform. These resulting Z-
scores were then subject to LMEs, as outlined above, to assess differences in connectivity
related to between-group differential face-emotion processing.

Voxel-wise Thresholds and Correction for Multiple Comparisons

For both task-related and functional connectivity analyses, all significant voxels were
required to pass a voxel-wise statistical threshold (F(y, 65)=3.99, p<0.05, uncorrected) and
were further required to be part of a cluster of at least 1669 L to control for multiple
comparisons. The cluster threshold was determined using a Monte Carlo simulation that, in
combination with the voxel-wise threshold, resulted in a 5% probability of that cluster
surviving due to chance (i.e., cluster-wise p<0.05).

Behavioral Analysis

We used the d’ measure from signal detection theory to assess participants’ ability to
correctly distinguish previously viewed actors (“signal”) from those never seen before
(“noise”). Between-group differences in false alarm rate were examined using a Welch t-
test. A one-sample t-test determined whether overall recall differed significantly from
chance. An ANOVA was conducted to determine whether group, face-emotion, and their
interaction influenced recall. For a more detailed description see the supplement.

Demographic and Clinical Scales Analysis

Between-group differences in age, WASI, BDI-Il, CDRS-R and MASC were assessed using
Welch t-tests. Effect sizes for these measures were determined using Hedge’s g (Hedges &
Olkin 1985). Wilcox rank sum test was used to assess group differences on Tanner stage,
CGAS, and HSP, with effect sizes computed using the probability of superiority (PS; range
0 - 1) (Mahwah, 2005). PS represents the probability that a randomly selected MDD
participant reported a greater value on the corresponding measure than a randomly selected
control. Confidence intervals for the PS were computed using a bootstrap method (Ruscio J,
2012). Differences in the number of participants per group and gender ratios were assessed
using x2 test of equal proportions.

Correlational Analysis

Within the MDD group, the relationship between BDI-11 and the contrast of activation in the
AMIC to happy and sad faces was examined using Spearman’s rank correlation test. A
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similar investigation was conducted to assess the relationship between BDI-11 and age of
MDD onset with the average Z-score from each 3 regions (right fusiform gyrus (FG), left
middle frontal gyrus (MFG), and right amygdala/parahippocampal gyrus (PHG); see results
below) showing connectivity differences with the AMIC seed as identified by the PPI
analysis. Bonferroni correction for multiple comparisons was applied: p=0.05/2=0.025 for
the correlation tests involving the happy-sad contrast differences in the AMIC and
p=0.05/6=0.008 for the PPI results.

Demographics and Clinical Scales

MDD and HCL groups did not differ significantly on age, gender, HSP, Tanner stage, or
WASI (all p>0.1). Higher depression symptom scores on the BDI-Il and CDRS-R (all
p<0.05) and higher anxiety scores on MASC (p<0.001) and lower levels of global
functioning with CGAS (p<0.001) were observed in the MDD compared to the HCL. See
Table 1.

Behavioral Task Results

No group differences in false alarm rate were present (t(60.93)=0.06, p>0.1). Collapsing
across groups, the overall d’ significantly differed from 0 (t(66)=17.09, p<0.001), indicating
that participants were better at recalling previously seen actors than chance levels. Upon
examining the effect of group, face-emotion and their interaction on d’, there was no effect
of group (F(1, 260)=0.23, p>0.1) or group x face-emotion interaction (F(1, 260)=0.73, p>0.1).
However, face-emotion was significant (F(1, 260)=9.85, p<0.001) with follow-up pairwise t-
tests indicating that recall for neutral faces was greater than all non-neutral faces (all
p<0.05).

fMRI Task Results

We found several regions showing between-group differences in the contrast happy versus
sad faces (Table S1). First, the happy-sad comparison revealed significant differences in a
cluster composed of the left claustrum extending laterally to include anterior and middle
insular cortex (AMIC) (2,322uL, x=31, y==7, z=0, average F(y, 5)=6.00; see Figure 2). The
happy-sad contrast also showed significant differences in the right lingual gyrus (LG),
bilateral FG, right thalamus, and right declive of the cerebellum (Table S1). Post-hoc tests
examining the directionality of these effects (Table S2), showed the following: the left
AMIC from the happy-sad contrast showed lower activation levels in the MDD compared to
the HCL group. Compared to HCL, the MDD group exhibited reduced activation in the right
LG, bilateral FG and right declive of the cerebellum, while exhibiting greater activation in
the right thalamus during happy versus sad face processing. Within the MDD group, sad
faces elicited stronger activation than happy faces in the left and right FG and the right
declive of the cerebellum.

Functional Connectivity Results

Among the regions identified by the task-related analysis (Table 2), we specifically focused
on the AMIC region. The left AMIC seed identified in the happy-sad contrast was positively
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connected to the right FG, left MFG, and right amygdala/PHG in the MDD group but was
negatively connected to these same regions in the HCL group (Figure 3).

Correlational Analysis Results

Those MDD individuals who showed relatively less activation left AMIC cluster identified
from the happy-sad contrast reported higher BDI-11 scores (p=-0.58, p<0.001). No
significant correlations between BDI-11 or age of MDD onset and the strength of functional
connectivity of the AMIC seed and connected regions (i.e., right FG, left MFG, or right
amygdala/PHG) were observed within the MDD group (all p>0.1).

Discussion

The present study aimed to elucidate the activation patterns of the insular cortex in response
to sad versus happy facial exposure using fMRI in a sample of adolescents diagnosed with
MDD compared to well-matched HCL. Our investigation yielded several important findings.
First, the differential activation in the left anterior/middle insular cortex (AMIC) during sad
versus happy face processing was less pronounced in the MDD group compared to HCL
(Figure 2). Second, in the MDD group, there was greater functional connectivity between
AMIC and right fusiform gyrus, left middle frontal gyrus, and right amygdala/
parahippocampal gyrus (PHG) during sad versus happy face processing. Third, reduced
differential activation to sad and happy faces in this same AMIC region correlated
negatively with depression symptom severity scores in the depressed adolescents. Taken
together, these findings are consistent with a dysfunction of the AMIC when processing
emotional information in adolescents with MDD. Moreover, given the role of the AMIC
integrating bodily states and emaotions, this finding raises the possibility that adolescents
with MDD show poorer integration of emotion processing with bodily sensations.

Our first finding that significantly less differential activation in the anterior/middle insular
cortex to sad versus happy face stimuli were seen in the depressed group compared to HCL
may correspond to a decreased ability in adolescents with MDD to differentiate between
these differently valenced emotional stimuli and thereby contribute to difficulties in
interpreting social cues. We also found that the left AMIC showed less activation to sad
faces in the MDD group compared to the HCL, which is contradicting previous findings in
adult MDD, where anterior insular cortex is shown relatively hyperactive during emotion
processing (Hamilton et al., 2012; Sliz and Hayley, 2012). This discrepancy suggests that
the decreased activation of AMIC in adolescent depression in response to sad faces may be
developmentally specific and corresponds to a limited tendency to successfully process and
interpret sad emotions in MDD adolescents. Indeed, recent work suggests that ongoing
development of the anterior insular cortex during adolescence may differentially impact
cognitive and affective functioning of this structure in adolescents compared to adults
(Dupont et al., 2003; Smith et al., 2014). This finding may also be explained by the theory
that adolescents with MDD show less activation to mood congruent stimuli, analogous with
previous findings showing increase attentional deficit in MDD subjects when exposed to
mood incongruent stimuli (Erickson et al., 2005).
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Our second finding was a positive functional connectivity (FC) in the MDD group between
the left AMIC cluster to other key emotion processing areas: namely, the right FG, right
amygdala/parahippocampus gyrus (PHG) and left MFG. In contrast, the functional
connections between the AIMC and these regions were negative in the HCL. Importantly,
these findings imply that the integrative function of the AMIC in relation to these areas,
representing different aspects of facial emotion processing, is altered in adolescent MDD.
Further supporting this idea is our finding that the FG, a part of the visual system specialized
for facial recognition (Kanwisher et al., 1997), showed a greater activation for sad than
happy faces in the depressed group. This implies that aberrant activation in AMIC and FG,
and the strength of their functional connection may contribute to biased processing of sad
stimuli, as previously described in adolescent depression (Schepman et al., 2012). The
positive FC between left AMIC and the amygdala in our depressed sample may indicate
dysfunctional processing of bodily sensations to emotional experiences, and more
specifically imply increased interaction between perception of emotional cues in the
amygdala and increased arousal in the insula, which may be corresponding to the
symptomatology of general emotion dys-regulation in adolescent MDD. Finally, the positive
FC between AMIC and the MFG, in the adolescent MDD group may reflect a compensatory
effort of top-down cognitive control when the insular cortex is activated in response to
emotionally valenced stimuli. Interestingly, studies in adult depression showed that
increasing levels of sadness were associated with increased activation of anterior insula and
decreased activation of prefrontal regions, but that this pattern reverses with recovery from
depression (Kennedy et al., 2001; Mayberg et al., 1999).

Lastly, we report that more severe depression symptomatology within the MDD group was
significantly associated with less of a difference in activation between sad and happy faces
in the AMIC. This result may have implications for the previously described biased
processing towards sad stimuli in depressed individuals (Joormann and Gotlib, 2006;
Schepman et al., 2012). Studies in healthy adolescents show that insular cortex thickness
(Churchwell and Yurgelun-Todd, 2013; Shaw et al., 2008) and connectivity patterns
continue to develop into young adulthood (McRae et al., 2012). We suggest that early onset
of depression increases the impact of MDD on AMIC development and its function (Gaffrey
et al., 2013) with consequences for the development of emotion regulation skills during
adolescence.

The major limitations of this study are the sample’s relatively small age-range and the cross-
sectional design of this study, which limit the possibility of assessing the development of the
insular cortex in adolescent depression. Future studies of longitudinal design following the
structural and functional development of the insular cortex in depressed adolescents
compared to healthy controls are needed to address these limitations and to confirm the
reproducibility of our findings.

Our findings provide a neuroscientific rationale for testing new treatment modalities on the
level of integrating bodily stimuli to conscious cognitive and emotional processes.
Adaptively switching from ruminative and self-referential processing to an interoceptive
focus has been suggested to rely on the insular cortex (Menon and Uddin, 2010) and
difficulty in switching between these brain states has been suggested as a potential
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contributing mechanism of depression (Chang et al., 2013; Manoliu et al., 2013).
Furthermore, the practice of switching from rumination to interoceptive awareness has been
related to changes in insular activation patterns in fMRI studies of healthy (Farb et al., 2013)
and depressed (Farb et al., 2010; Farb et al., 2012; Paul et al., 2013) adults. Thus, an
important future direction of research may be to investigate the effects of practicing how to
direct attention toward momentary bodily and sensory experience for emotion regulation on
depression symptom severity in adolescent MDD (Henje Blom E, 2014). This practice could
provide an alternative strategy to therapies requiring top-down cognitive control efforts. The
effect of such training on insular cortex activation and FC during the processing of sad and
happy faces would more clearly link a possible practice effect to insular cortex function and
the previously described biased emation processing in adolescent depression.

Conclusion

This study showed less functional differentiation in response to sad versus happy faces in
depressed adolescents compared to well-matched healthy controls. These finding differed
from previous reports in depressed adults and suggests that MDD may alter the
developmental trajectory of the AMIC in adolescents. Furthermore, we report that functional
connectivity between the AMIC and key brain regions (e.g., the MFG and FG) involved in
facial emotion processing and the regulation thereof was increased in the depressed
adolescents as compared to healthy controls.. We also found greater depression severity
correlated significantly with reduced differential responses to sad and happy faces in the
AMIC. We theorize that the developmental trajectory of the AMIC and its related circuitry
is impacted by early onset depression and that this may impair the acquisition of emotional
regulatory skills during adolescence. Together, our results suggest that this region may serve
as a target in the development of more effective future interventions for adolescent
depression.
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Figure 1.

The experimental design for the emotional face processing task.

J Affect Disord. Author manuscript; available in PMC 2016 June 01.

How wide is this the nose?

Just look straight ahead
Do not rate faces

How sad is the face?

How sad does the face
make you feel?

Page 19

How sad does the face
make you feel?
How sad is the face?

Just look straight ahead
Do not rate faces




1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Blom et al. Page 20

> o
S =2 0.10 -
S
oL
50
0 ©

c 0.05-
S5 0%
Owm
=

0.00 - Z=0mm

Happy Sad

Group: [l MDD B NCL

Figure 2.
Between-group differences in mean percent signal change during the happy-sad condition in

a cluster composed of the left claustrum extending laterally to include primarily anterior and
middle insula.
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Figure 3.
PPI results of the left anterior/middle insular cortex/claustrum seed identified in the happy-

sad contrast in the depressed adolescents (MDD) and in the healthy controls (HCL).
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