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Abstract

Background—Emotion perception deficits could be due to disrupted connectivity of key nodes
in the Salience and Emotion Network (SEN), including the amygdala, subgenual anterior cingulate
cortex (SgACC), and insula. We examined SEN resting state (rs-) fMRI connectivity in rMDD in
relation to Facial Emotion Perception Test (FEPT) performance.

Methods—Fifty-two medication-free people aged 18-23 participated. Twenty-seven had major
depressive disorder (MDD) in remission (rMDD, 10 males), as MDD is associated with emotion
perception deficits and alterations in rsfMRI. Twenty-five healthy controls (10 males) also
participated. Participants completed the FEPT during fMRI, in addition to an 8-minute eyes-open
resting state scan. Seed regions of interest were defined in the amygdala, anterior insula and
SgACC. Multiple regression analyses co-varied diagnostic group, sex and movement parameters.

Results—Emotion perception accuracy was positively associated with connectivity between
amygdala seeds and regions primarily in the SEN and cognitive control network (CCN), and also
the default mode network (DMN). Accuracy was also positively associated with connectivity
between the sgACC seeds and other SEN regions, and the DMN, particularly for the right sgACC.
Connectivity negatively associated with emotion perception was mostly with regions outside of
these three networks, other than the left insula and part of the DMN.

Conclusions—This study is the first to our knowledge to demonstrate relationships between
facial emotion processing and resting-state connectivity with SEN nodes and between SEN nodes
and regions located within other neural networks.

"Correspondence to Scott A. Langenecker, Cognitive Neuroscience Center, Department of Psychiatry, The University of Illinois at
Chicago, 1601 W Taylor St. Chicago, IL 60612 and slangen@uic.edu.
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Introduction

Accurate facial emotion perception is essential for adequate social functioning, as it allows
individuals to understand and respond to the feelings and non-verbal communications of
others (Russell, Bachorowski, & Fernandez-Dols, 2003). Multiple brain regions are engaged
during facial emotion perception, including the medial prefrontal cortex (Phan, Wager,
Taylor, & Liberzon, 2002) fusiform gyri, right lateral occipital gyrus, right superior temporal
sulcus, inferior frontal gyri, amygdala and entorhinal cortex (Kesler et al., 2001), visual
cortex, and cerebellum (Fusar-Poli et al., 2009). Many facial emotion processing areas are
within the salience and emotion network (SEN), a network of brain regions that integrates
sensory information with visceral, autonomic, and hedonic signals in order to facilitate
attention leading to behavioural decisions (Seeley et al., 2007). The SEN is primarily
comprised of ACC, orbital frontal and anterior insular regions and the amygdalae. These
regions perform related, but separate functions, and tend to differentially activate in response
to faces displaying specific emotions. For example, viewing happy, sad, and fearful faces
tends to activate the amygdala, whereas angry or disgusted faces do not (Fusar-Poli et al.,
2009). The amygdala has also been shown to be involved with emotion discrimination (Gur
et al., 2002), such that it responds more to fearful faces than happy, sad, or neutral faces
(Breiter et al., 1996; Fusar-Poli et al., 2009; Phan et al., 2002) and more to happy faces than
to neutral ones (Breiter et al., 1996). The insula is more sensitive to disgust than anger but
activates when individuals are exposed to either type of facial emotion (Gur et al., 2002).
The anterior cingulate cortex (ACC) also plays an important role in emotion processing,
with the dorsal-caudal ACC reported to be involved in the evaluation and appraisal of
emotion, and the rostral-ventral ACC reportedly involved in emotion regulation and control
(Etkin, Egner, & Kalisch, 2011). These important studies have utilized fMRI to examine
emotion processing, however few studies have examined functional connectivity, in
particular resting state connectivity of networks such as the SEN, in relation to facial
emotion perception.

SEN activity reduces with engagement of the default mode network (DMN), the set of brain
regions that are involved in more self-referential and internally-focused activities, amongst a
myriad of ‘non-task’ processes (Buckner, Andrews-Hanna, & Schacter, 2008; Raichle et al.,
2001). The SEN is important for switching between the DMN and the cognitive control
network (CCN; Manoliu et al., 2014; Sridharan, Levitin, & Menon, 2008), a network
including dorsolateral frontal and parietal cortices (Seeley et al., 2007) that is responsible for
inhibitory control, mental flexibility and switching, and other executive functions. Models of
major depressive disorder (MDD) describe imbalances among these primary networks and
their connectivity as a potential mechanism increasing risk for mental disorders
(Langenecker, Jacobs & Passarotti, 2014; Menon, 2011). Mayberg (1999) suggested that
MDD is characterized by a reduction of top-down cortical control over limbic regions, or
reduced CCN-SEN connectivity. For example, amygdala hyperactivity has been reported
during facial emotion processing in MDD (Fournier, Keener, Almeida, Kronhaus, & Phillip,
2013). Studies have also shown that the subgenual ACC, possibly part of the SEN, has
reduced gray matter (Drevets & Savitz, 2008) and greater connectivity to the DMN (Greicius
et al., 2007) in MDD. Furthermore, hyperconnectivity within the DMN and from the DMN
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to the caudate and dorsomedial prefrontal cortex may underlie rumination in MDD (Jacobs
et al., 2014; Wang, Hermens, Hickie, & Lagopoulos, 2012; Whitfield-Gabrieli & Ford, 2012;
Zhu et al., 2012). Poor emotion perception (Kohler, Hoffman, Eastman, Healey, & Moberg,
2011; Phillips, Drevets, Rauch, & Lane, 2003) and emotion regulation (Joormann &
D'Avanzato, 2010) in individuals with MDD are consistent with connectivity findings
demonstrating deficiencies in emotion-related and self-referential networks (Kaiser,
Andrews-Hanna, Wager, & Pizzagalli, 2015; Kaiser & Pizzagalli, 2015). Emotion processing
deficits can persist despite recovery from illness, for example, individuals with remitted
MDD (rMDD) show hyperactivity in the dorsomedial prefrontal cortex/ACC and lateral
orbitofrontal cortex when using emotion regulation strategies (Kanske, Heissler,
Schonfelder, & Wessa, 2012), suggesting that there may be residual markers of disease in
brain function.

We aimed to examine the relationship between resting state connectivity and facial emotion
perception in both healthy controls and individuals with rMDD, with the intention of
measuring a varied range of task performance to better understand individual differences.
Our hypothesis was that resting state connectivity of SEN seeds would be meaningfully
related to performance. Although performance-related functional connectivity can provide
useful insights into task-responsive networks, our goal was to identify the association
between individual differences in performance and intrinsic “trait-like” networks, therefore,
we chose to examine resting-state rather than within-task connectivity, because of concerns
that within-task connectivity would be corrupted to an extent by actual performance. We
chose to examine young, medication-free individuals with rMDD to minimize the potential
confounds of medication, developmental variance, acute disease effects, chronic illness
burden and neural scar effects. Recent studies have sought to examine the relationships
between synchronized neural network metrics at rest and task performance in rMDD (e.g.
Rao et al., 2016). Given previous findings that the SEN is implicated in facial emotion
perception, we expected that better facial emotion perception performance would be
associated with increased functional coupling between these SEN regions at rest. We were
interested in examining the association between emotion perception performance and
connectivity including diagnosis as a covariate, rather than between group differences,
because we have already previously demonstrated diagnostic differences in resting state
connectivity between individuals with rMDD and HCs (Jacobs et al., 2014, 2016; Stange et
al.,2017). Furthermore, within an intermediate phenotype view of emotion processing that
would be consistent with Research Domain Criteria, dimensional analyses like the proposed
one offer unique individual differences information that is distinct from disease related
information (Cuthbert & Insel, 2010). We chose three bilateral seeds within the SEN: the
amygdala, anterior insula and subgenual ACC, and hypothesized that more accurate facial
emotion perception would be associated with increased resting state connectivity between
these three seeds and other regions in the SEN, regardless of diagnostic history or sex.
Conversely, we expected that poorer emotion perception would not be associated with
increased within-SEN connectivity, but would be associated with increased connectivity
between SEN regions and DMN and CCN regions.
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Methods

Participants

Total participants enrolled in the study included 52 individuals aged 18-23 years. The rMDD
group comprised 27 (10 male) individuals with a history of depression (1-3 prior episodes?)
who were in full remission (rMDD), as defined by DSM-IV-TR criteria. The mean number
of years well was 2.85 (SD= 1.70). The healthy control (HC) group comprised 25
participants (10 male) with no previous psychiatric diagnosis themselves or in an immediate
family member. Participants were recruited from the Chicago community. Diagnosis was
assessed via clinical interview with the Diagnostic Interview for Genetic Studies
(Nurnberger et al., 1994), and confirmed with parent/guardian interview using a modified
Family Interview for Genetic Studies (Maxwell, 1992) or treatment records for past MDD
diagnosis. Three rMDD and three HC participants were left-handed. Exclusion criteria were
substance abuse or dependence within the past year, psychoactive medication (other than
psychostimulant) use within 30 days, psychostimulant use within the past two days, regular
smoking, major chronobiological disruption or phase shift within preceding month, suicide
attempt within the past six months or hospitalization for suicidal intent within the past three
months, neurological condition, personal or family history of psychosis, or contraindications
for MRI. Current depression severity was assessed using the Hamilton Depression Rating
Scale (HDRS), using a cut-off score of 7 (Zimmerman et al., 2013) for both groups.

There were no significant differences between groups in demographic variables, including
the proportion of males and females (HC 10 M/15 F, rMDD 10 M/17 F), age (HC M= 21.04,
SD=1.86, MDD M= 21.48, SD=1.48) or years of education (HC M= 14.56, SD= 1.47,
rMDD M= 14.52, SD=1.37). Estimated verbal 1Q score was assessed using the Shipley
Institute of Living Scale: Vocabulary Test (Shipley, 1940). There was no significant
difference in estimated verbal 1Q score between the HC (M= 102.28, SD=9.32) and rMDD
(M= 103.35, SD=9.50) groups. The HC group had significantly lower HDRS scores (M=
0.20, SD=0.50) than the rMDD group (M= 2.59, SD=5.77), p< .05.

Measures

Facial Emotion Perception Test—The Facial Emotion Perception Test (FEPT; Rapport
et al., 2002; Langenecker et al., 2005, 2007) rapidly presents participants with faces
expressing anger, happiness, sadness, fear or a neutral state. Each trial begins with a fixation
cross (500ms), followed by a face (or an animal in the control condition) presented for
300ms, then a visual grey-scale mask for 100ms to prevent visual afterburn phenomena. The
visual mask was a square shaped pixilation of an animal stimulus that was matched to the
experimental stimuli for brightness and contrast. Participants identified which emotion they
perceivedby responding in the subsequent 3100ms using a 5-button response ‘claw’
(Psychology Software Tools) to indicate perception of an angry, happy, sad, fearful or
neutral face. The face stimuli were colour pictures from the NimStim (MacBrain) set
(Tottenham et al., 2009). A pre-scanner practice version used face stimuli from the Ekman

Imean=1.67 episodes. However, one person with 5 episodes and one with 6 episodes were included with seasonal affective
components to the illness.
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and Friesen (1976) set. The control condition required participants to identify cats, dogs,
primates, fish and birds to control for activity related to visual processing, praxis, response
selection and execution. Blocks of faces or animal stimuli were interspersed with rest blocks
across five runs of 4 minutes, 20 seconds. Each run had one or two animal blocks spread
amongst four or five faces blocks. Accuracy was recorded. The emotions were
counterbalanced so that the response for each emotion and animal had a different finger for
different participants (task version). Participants were randomly assigned to a task version.
Groups did not differ in the proportions of participants that completed the different task
versions, y%(4)= 0.95, p=.92.

All procedures contributing to this work comply with the ethical standards of the relevant
national and institutional committees on human experimentation. Informed consent was
obtained according to the guidelines of the Institutional Review Board of The University of
Illinois, Chicago, and consistent with the Declaration of Helsinki, 1975, as revised in 2008.
Participants were compensated for their involvement.

Subjects completed a practice trial of the FEPT prior to fMRI scanning. FEPT and resting
state fMRI were completed during the second half of a 90-minute fMRI session. Resting
state fMRI data were always collected after the FEPT, during an eyes open, eight-minute
session. Participants completed other tasks earlier in the scanning session; however the
results of these tasks will be reported separately.

Scanning procedures

MRI acquisition—Whole-brain images were acquired with a gradient-echo axial echo-
planar imaging sequence performed with a 3T GE Discovery scanner. The image matrix was
64 x 64 over a 22 cm FOV with 3mm slice thickness (0 gap) for a 3.44mm % 3.44mmin-
plane resolution. TR=2000ms, TE=minFull (22.2ms), 90° flip, 44 slices (ascending,
interleaved). The 4 initial scans were discarded, resulting in 126 volumes for each of five
runs, each lasting 4 minutes 20 seconds. The anatomical scan was a T1SPGR echo, with a
22 cm FOV, 256 x 256 matrix size, 1mm slice thickness, for a 0.86mm x 0.86mm in-plane
resolution, including 182 slices during a scan time of around 7 minutes.

MRI processing—fMRI data were preprocessed according to our established pipeline of
scripts that utilize both SPM and FSL functions, as follows. Images wereslice-time corrected
in SPM8 (http://www.fil.ion.ucl.ac.uk/spm/), then realigned to the 10t volume in FSL
(http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/) using MCFLIRT (Jenkinson, Bannister, Brady &
Smith, 2002). Brain extraction of anatomical images was performed with FSL's Brain
Extraction Tool (Smith, 2002) then co-registered to functional images and spatially
normalized to Montreal Neurological Institute (MNI) space in SPM8, with a final
reconstructed spatial resolution of 2 x 2 x 2mm3. Smoothing was completed in SPM8 with a
full-width at half-maximum filter of 5mm isotropic. Physiologic correction was performed
by regressing out the top 5 principal components from white matter and cerebral spinal
fluidsequentially (Behzadi, Restom, Liau, & Liu, 2007). Motion parameters of deviations in
translation and rotations in X, y and z planes were regressed out (along with first temporal
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derivative and squares of parameters) within first level models (Jo et al., 2013). Global
signal was not regressed due to co-linearity violations with gray matter signal, problematic
misestimates of and introductions ofanti-correlations (Fox, Zhang, Snyder, & Raichle, 2009)
and effect on distance-micro-movement relationships (Jo et al., 2013). Lastly, time series
were band-pass filtered over the range 0.01-0.10 Hz.

ROIs for each seed region of interest were defined and verified in MNI space on the average
anatomy of the first 55 scans collected within this study, with a 2.9mm radius (19 voxels).
Seeds from within the salience and emotion network (SEN) were consistent with those used
by our group previously (Bhaumik et al., 2016; Jacobs et al., 2014) and were derived based
on previous literature examining resting state connectivity of the amygdala (McCabe &
Mishor, 2011; Pannekoek et al., 2013), sgACC (Kelly et al., 2009; Margulies et al., 2007)
and anterior insula (Horn et al., 2010; Sridharan et al., 2008). The following coordinates
were used: amygdala +/- 23, -5, -19mm, sgACC +/- 4, 21, -8, anterior insula +/- 36, 13,
5mm. Time course data were averaged from each seed region for each participant.
Correlation coefficients were calculated between mean time course for seed regions and all
other voxels of the brain, resulting in 3-dimensional correlation coefficient images (r
images), transformed to z scores using a Fisher transformation and compared in SPM8.

Statistical analysis

Although the SEN is here conceived as a unified network, because hub regions of this
network have been implicatedin distinct but complementary functions (see Introduction) we
elected to perform voxelwise analyses for each seed separately to test the relationship
between resting state SEN connectivity and emotion processing performance. Six multiple
linear regressions were calculated within SPM8, one for each of the three SEN seeds
bilaterally. Each included mean accuracy in response to faces (across entire task) as the
predictor of the seed region of interest. Diagnostic group and sex were included as
covariates. We included diagnostic group as a covariate only because we have already
previously investigated diagnostic differences in resting state connectivity between
individuals with rMDD and HCs (Jacobs et al., 2016), and in the present study we wanted to
use an individual differences approach in line with RDoC to examine the association
between FEPT performance and rs-fMRI connectivity, independent of previous history of
depression. For overall accuracy for facial expressions, a univariate ANOVA found no
significant main effect of Diagnostic group, A1, 48)=1.99, p= .17, Sex, A1, 48)=1.80, p=".
19, and no interaction of Diagnostic group-by-Sex, A1, 48)=0.18, p=.68. Sex differences in
resting state connectivity were also of interest and are reported in the Supplement. The
standard deviation (SD) values of the estimated movement parameters from MCFLIRT of
translation in x, y and z planes during the rsfMRI were included as covariates of no interest.
There were no diagnostic group differences in the standard deviation (SD) values of
translation in x, £50)=-0.32, p= .75, y, {50)=0.79, p= .43, or z planes #50)= 0.70, p= .48.
3dClustSim was used to generate a Monte Carlo threshold for significance that combines
height and extent of activation, here p< .005, k>55 (which is equivalent to 440 mm3).2As
mentioned above, we chose to examine resting-state rather than within-task connectivity
because of concerns that within-task connectivity would be corrupted to an extent by actual
performance, resulting in a circular line of argument for interpreting any effects. However,
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for maximal interpretability and transparency, we also calculated within-task connectivity.
Because functional connectivity during task performance is going to be affected by factors
specific to the task, such as the specific visual stimuli, decision-making and motor
responses, we regressed out task events and movement values from the connectivity model,
as we were not interested in demonstrating that functional connectivity during a task is
related to performing that task. A comparison between these results and those of the resting
state connectivity analysis is included in the Supplement.

An understanding of integration and segregation within the brain is crucial for determining
principles of brain function and development (Uddin, Supekar, & Menon, 2010), and
facilitates parsimony of interpretation. For this reason, Tables 1 and 2 report the percentage
of each of the significant clusters derived from the whole-brain analysis that are part of the
salience and emotion network (SEN), cognitive control network (CCN) and default mode
network (DMN), consistent with the predominant triple network model proposed by Menon
(2011) as implicated in psychopathology. We created three network masks based on Yeo,
Krienen, Sepulcre et al. (2011), who identified and replicated a 7-network cortical
parcellation by measuring the intrinsic functional connectivity of 1000 people. The 7
Networks MINII 152 Freesurfer conformed 1mm liberal parcellations were used to create
masks using the MarsBaR toolbox for SPM8. We used the DMN mask as created by Yeo et
al., and created a SEN mask by combining the ventral attention (which Yeo et al., 2011, p.
1138, describe as the salience network) and limbic parcellationsin order to capture both
attention-related and bottom-up emotion-related components of salience processing, and a
CCN mask by combining the dorsal attention and fronto-parietal parcellations, in line with
the work of Menon (2011). Finally, we calculated partial correlations of the extracted signal
from each significant cluster and accuracy, adjusting for diagnostic group, sex, and
movement. These correlations are reported in the final column of Tables 1 and 2.

Regions of Connectivity with Salience and Emotion Network Positively Associated
withFacial Emotion Perception Accuracy

Connectivity within Regions in Salience and Emotion Network—-Better emotion
perception accuracy was positively associated with within-SEN connectivity, particularly for
the amygdala, with the right amygdala demonstrating the largest cluster of connectivity,
more than double the size that of the largest left amygdala cluster (Figure 1, Table 1). Scatter
plots illustrating these relationships are presented in the Supplement.

Approximately 20 to 30 per cent of the regions significantly connected with the left and
right amygdala, respectively, were located within the SEN (Table 1). The largest cluster that
was connected to the right amygdala that was positively associated with facial emotion
perception peaked in the left inferior frontal gyrus, and over a third of this cluster fell within
the SEN, with another third forming part of the DMN (Table 1). Connectivity between both

2An alternative, posthoc approach to calculating smoothness and cluster correction (e.g., 3dClustSim with ACF estimating the long
tail of autocorrelation that deviates from the Gaussian) was also calculated for the interested reader. Those results that survive this
more conservative threshold are k > 261/259 for L/R amygdala, k > 637/261 for L/R insula, and k > 481/588 for L/R subgenual
cingulate. Those that survive cluster level correction in SPM8 are also so noted.
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the left and right amygdala and the left supramarginal gyrus was positively associated with
emotion perception accuracy. Emotion perception was also positively associated with
connectivity between the left amygdala and the left superior temporal gyrus/insula. It was
also positively associated with connectivity between the right amygdala and the right insula
as well as a portion of the right posterior cingulate that forms part of the SEN. Emotion
perception accuracy was also positively associated with connectivity between the left sgACC
and the left superior temporal gyrus, and the right sgACC and the left medial orbital cortex
(BA12). These sgACC connections to SEN regions represented around 15 to 20 per cent of
the total connections for the right and left SJACC, respectively (Table 1).

Connectivity between Salience and Emotion Network and Regions in the
Cognitive Control Network—The amygdalae were the only seeds for which emotion
perception was positively associated with connectivity to the CCN. These connections were
between both amygdala and the right middle frontal gyrus (BA9) and left supramarginal
gyrus, as well as between the right amygdala and the left inferior frontal gyrus (BA44).
Amygdalar connections to CCN regions formed around 20 per cent of all regions that were
positively associated with facial emotion perception accuracy (Table 1).

Connectivity between Salience and Emotion Network and Regions in Default
Mode Network—Emotion perception accuracy was also positively associated with
connectivity from SEN seeds to the DMN. This included connectivity between the left
amygdala and the left superior temporal gyrus and between the right amygdala and the
bilateral inferior frontal gyri (BA47). Emotion perception accuracy was also positively
associated with connectivity between both the left and right sgACC and the left middle
temporal gyrus, and between the right sSJACC and the right middle temporal and anterior
cingulate gyri. These connections between the right sgACC and DMN regions formed two
thirds of the connections of the right sgACC that were positively associated withfacial
emotion perception accuracy.

Connectivity between Salience and Emotion Network and Regions outside of
the SEN, CCN, and DMN—None of the connections to the left or right insula that were
positively associated with emotion perception accuracy fell within any of the networks of
interest. Rather, these connections were to subcortical and cerebellar regions. The left
amygdala and the left sgACC also showed significant connectivity to the cerebellum that
was positively associated with facial emotion perception. Other significant connections that
were positively associated with facial emotion perception were between the left amygdala
and right cuneus, right amygdala and left inferior and middle temporal gyri, the left sgJACC
and the left parahippocampal gyrus, and the right sgACC and the right posterior cingulate.

Connectivity Negatively Associated with Facial Emotion Perception

Emotion perception was also negatively associated with connectivity of SEN seeds (after
adjusting for group and sex), although to a lesser extent than the positive associations
reported above. The seeds involved were only the left amygdala, left insula, left sgACC and
right sgACC seeds (Figure 2, Table 2). Notably, emotion perception was only negatively
associated with connectivity to right hemisphere or midline regions. The left insula

Cogn Affect Behav Neurosci. Author manuscript; available in PMC 2018 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Jenkins et al. Page 9

connection to the ACC that was negatively associated with emotion perception was located
in the DMN. This was the only connection that was to any region of the three major
networks.

Discussion

To our knowledge, this study is the first to evaluate associations between resting-state
connectivity in the SEN and facial emotion processing. In a sample of individuals who were
healthy or who had rMDD, we found that facial emotion perception was positively
associated with within-SEN connectivity, mostly of amygdala to other SEN regions. We also
found that facial emotion perception accuracy was positively associated with cross-
networkconnectivity, mostly of amygdala to CCN regions and of sgACC to DMN regions. In
contrast, emotion perception was only negatively associated with connectivity between the
left insula seed and a part of the ACC (BA24) of the DMN. All other regions of connectivity
that were negatively associated with accuracy were outside of the SEN, CCN and DMN.
Amygdala connectivity was the most relevant to better FEPT performance, whereas a
surprising lack of connectivity was found between the anterior insula and performance
within the SEN. These findings may have implications for advancing our understanding of
the neural networks that underlie processing of emotional faces, which are important given
that connectivity of these neural networks are altered in individuals with active mood
disorders (e.g. Anand et al., 2005; Carballedo et al., 2011; Dannlowski et al., 2009; Siegle,
Thompson, Carter, Steinhauer, & Thase, 2007). This disrupted network activity has been
theorized to account for findings of emotion perception impairments in individuals with
depressive disorders (e.g. meta-analysis by Kohler et al., 2011). Although our remitted
sample did not demonstrate differences in behavioural performance from the HC group, our
individual differences analysis of connectivity patterns was based on the theory that early in
the course of depression, the neural strata of risk may be evident before the behavioural
manifestation of facial emotion perception impairment.

Connectivity within Regions in Salience and Emotion Network

Overall, results suggested that accuracy during perception of emotional faces was positively
associated with connectivity within the SEN. This pattern of results is consistent with the
notion that greater integrity, or possibly efficiency, of the SEN may subserve the ability to
process emotionallysalient stimuli (Seeley et al., 2007), an important ability for social
cognition and effective interpersonal interactions. Given that the amygdala is important for
the direction of attention to potentially threatening stimuli (Morris et al., 1998; Surguladze et
al., 2003), the association between accurate classification of faces and SEN connectivity in
the current study is consistent with the presence of a more cohesive SEN subserving these
abilities. In addition, lesion studies have suggested that the IFG, which has portions in both
the SEN and CCN (Yeo et al., 2011), is associated with emotional empathy (Shamay-Tsoory,
Aharon-Peretz, & Perry, 2009), and a meta-analysis has also implicated this region in facial
emotion perception (Fusar-Poli et al., 2009). Thus, perhaps stronger SEN coherence,
including connectivity between the amygdala and IFG, facilitates the ability to recognize
others’ facial expressions of emotions.

Cogn Affect Behav Neurosci. Author manuscript; available in PMC 2018 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Jenkins et al. Page 10

Connectivity between Salience and Emotion Network and Regions in the Cognitive Control
Network

We found a positive association between connectivity between the amygdala and regions in
the cognitive control network, and facial emotion perception performance, after adjusting for
diagnostic group, sex and movement. This is consistent with literature suggesting that
connectivity between the SEN and CCN may facilitate superior adaptive behaviour in the
context of emotionally salient information, and possible need for emotion regulation.
Previous studies in active MDD (aMDD), albeit not relating to performance, have reported
reduced connectivity between cortical regulatory areas and limbic regions such as the
amygdala (Anand et al., 2005; Carballedo et al., 2011; Dannlowski et al., 2009; Siegle,
Thompson, Carter, Steinhauer, & Thase, 2007). We found a positive association between
facial emotion perception performance and connectivity of both the left and right amygdalae
to the right middle frontal gyrus (BA9). The middle frontal gyrus is involved in cognitive
control (Kubler, Dixon, & Garavan, 2006; Langenecker, Nielson, & Rao, 2004; Sarazin et
al., 1998) including planning (Crozier et al., 1999). It has also been implicated in working
memory (Babiloni et al., 2005; Wager & Smith, 2003), including for the identification of
emotional vocal expressions (Rama et al., 2001).

Connectivity between the right amygdala and the CCN component of the left IFG (BA44,
Table 1) was positively associated with emotion perception performance. This region is
closely located to that of BA47, which Bricefio et al. (2013) reported be inversely associated
with facial emotion perception in females with aMDD. They found that a greater ratio of left
to right hemisphere IFG activity predicted poorer emotion perception performance. This area
of the IFG may be linguistically mediating connectivity between the SEN and CCN.
Previous findings also suggest that the ventral IFG may play an adaptive role in MDD, in
that activity in the left VLPFCl/lateral orbitofrontal cortex is negatively associated with
depression severity (Drevets, Gadde, & Krishnan, 2004). Thus, our results suggest that
retention of this relationship between the cognitive control and salience and emotion
networks is important in sustaining good performance and wellness. Our results also extend
the literature to examining connectivity between the SEN and CCN at rest, as it relates to
emotion processing, and suggest that superior cognitive control of emotion (or cognitive
control abilities in general) may improve the ability to accurately discriminate between
different types of emotional faces. Furthermore, this could suggest that one reason that prior
studies of MDD have found an attenuated ability to accurately process emotional faces, is
that individuals with MDD have attenuated connectivity between the SEN and CCN,
impairing their performance on such tasks. Support for this hypothesis comes from an fMRI
study that found that decreased DLPFC activity during a cognitive task was significantly
associated with increased amygdala activity during an emotional task, and that this
relationship was reduced in patients with MDD (Siegle et al., 2007). This hypothesis is also
consistent with a meta-analysis that reported altered resting state connectivity in MDD,
including hypoconnectivity between the SEN and midline CCN regions (Kaiser et al., 2015).
Since this is the first study, to our knowledge, to relate resting state connectivity to facial
emotion task performance covarying for rMDD, further research is necessary to replicate
this relationship between facial emotion perception accuracy and resting state connectivity
alterations.
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Connectivity between Salience and Emotion Network and Regions in Default Mode

Network

Facial emotion perception was positively associated with connectivity of the right sJACC to
areas in the DMN, including the middle temporal gyrus and rostral anterior cingulate. The
DMN is argued to represent functions that are integral to the self (Raichle et al., 2001), and
Gusnard and colleagues (2001) argue that part of this involves some assessment of salience
for the individual.

Connectivity Negatively Associated with Emotion Perception

In contrast with the findings discussed above, we found a negative association between
facial emotion perception accuracy and connectivity between the SEN and regions primarily
outside of the three networks. This suggests that connectivity between the SEN and areas
outside of the network may represent poorer integrity of the SEN, resulting in poorer
performance on tasks that require the recruitment of these neurocognitive resources when
processing emotional faces. We also found a negative association between facial emotion
perception and connectivity between the left anterior insula and the right rostro-ventral
anterior cingulate, which was located within the DMN. This finding is consistent with the
strong functional coupling between the insula and the anterior cingulate cortex (Menon &
Uddin, 2010). It is interesting that separate regions within SEN-DMN connectivity were
both positively and negatively associated with emotion perception accuracy. A dissociation
was observed whereby connectivity between the amygdala and sgACC seeds was positively
but not negatively related to facial emotion perception performance, whereas connectivity
between the (left) insula seed and rostro-ventral ACC was negatively but not positively
related to facial emotion perception. This finding may be explained by the disparate
functions of the insula, which is not only involved in salience detection, but also in
switching between other major networks and in cognitive control (Menon & Uddin, 2010).
Thus the insula is important for identifying salient stimuli then disengaging the DMN and
activating the CCN. Thus our finding is consistent with the idea that in those individuals
who have less disengagement of the DMN by the insula, emotion perception accuracy is
reduced.

Task-based functional connectivity

The primary aim of this study was to investigate resting state connectivity and performance.
We also examined connectivity during the task performance, regressing out task events (Fair
et al., 2007), movement parameters (in same manner as above), and the derived
physiological parameters (as above). There were some regions of convergence between
resting state and task connectivity (see Supplement Figure S5 and S6), and these were
primarily in the left mid-posterior insula (amygdala seeds) and the thalamus (left insula
seed). Bressler and Kelso (2001) argue that involvement of cortical areas in coordinated
networks is an indicator of their facilitated cooperation, and coordinated networks allow the
system to rapidly accomplish functions that require combined and coordinated actions of
numerous distributed areas. They assert that the system has re/ative coordination, can
perform multiple functions, and is flexible, allowing it to adaptively transition between
cognitive processes, leading to a behavioural goal. As an example, Jiang, He, Zang and
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Weng (2004) showed change of the motor network from rest to movement is dynamic and
can be modulated in different neural activities. Jiang et al. speculated that the functional
network is in existence during rest and maintains a dynamic equilibrium. They note that the
resting state connectivity network seemed much looser than its movement counterpart, and
that tighter network coupling implies accomplishment of function, i.e. planning, initiation,
execution and termination. Thus there were fewer areas in the resting state network that are
responsible for task execution. The lack of convergence between the resting state
connectivity and the task connectivity networks in the present study can therefore be
explained by the fact that the SEN performs variable functions, including signaling the
salience of internal and external events, some, but not all of which may be associated with
facial emotion perception. In contrast, connectivity during a facial emaotion perception task,
even when task events are removed, is specific to performance of an emotion perception
task. Finally, although we have previously demonstrated that within-network SEN
connectivity did not differ by group (Stange et al., 2017, Supplement) and there were no
significant group differences in performance in the present study, to ensure that there were
no differential associations between performance and connectivity by group, we conducted
moderation analyses on the extracted beta values from the significant clusters in Tables 1
and 2. These results are reported in the Supplement. Across seeds, there were 39 total
clusters (i.e. reported clusters in Tables 1 and 2 of main manuscript), and we observed 7
significant moderation models of the 39. As detailed in the Supplement, of these seven, four
were positively associated with performance and three were negatively associated with
performance. Further analysis revealed that three clusters showed a significant correlation
between the seed and FEPT accuracy in the HC group only (p< .01), whereas only one
cluster showed a significant correlation in the rMDD group only (p< .05), suggesting that
rMDD diagnosis was not a major moderator of the relationship between connectivity and
performance.

Although there is strong evidence that the seeds for our connectivity analysis are located
within the SEN, the seed-based connectivity approach could be considered a limitation in
comparison to an analysis of complete networks. We did, however, report the proportions of
significant connectivity with each seed that were contained within three major networks of
theoretical interest (Menon, 2011). In doing so we chose to reduce the number of intrinsic
connectivity networks reported by Yeo et al. (2011), at the exclusion of networks of lesser
theoretical interest, including visual and motor networks, to facilitate parsimony in
interpretation. Replication of our results by future research in an independent sample is
required to provide support for this and other methodological choices made in this study,
such as the significance threshold. In addition, there is continuing work toward elucidating
the correct strategies for height by cluster extent correction. A final limitation of this study is
that resting state fMRI data were collected after the FEPT, which could result in carry-over
effects.

Conclusions

This study is the first to our knowledge to demonstrate relationships between facial emotion
processing and resting-state connectivity within nodes located in the SEN and between SEN
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nodes and regions in the CCN and DMN. Among healthy individuals with and without
history of MDD, facial emotion perception accuracy was positively associated with
connectivity within the SEN, as well as cross-network connectivity (particularly to CCN).
These results represent an important step in understanding the relationship betweenresting
state connectivity of brain regions that underlie emotion processing and accuracy of emotion
processing. Future work should compare network connectivity among individuals with
rMDD and active MDD, at rest and during emotion processing, to better elucidate state
versus trait effects. These future studies might also subdivide rMDD into those with and
without performance weaknesses in this task to better articulate any risk for illness by
subtype.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Regions of significant rs-fMRI connectivity to salience and emotion network seeds that were

positively associated with facial emotion perception accuracy.
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Figure 2.
Regions of rs-fMRI connectivity with salience and emotion network seeds that were

negatively associated with facial emotion perception accuracy.
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