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Abstract
Emotion regulation is thought to involve communication between and within large-scale brain networks that underlie
emotion reactivity and cognitive control. Aberrant network interaction might therefore be a key neural feature of mental
disorders that involve emotion dysregulation. Here we tested whether connectivity hierarchies within and between emotion
reactivity and cognitive reappraisal networks distinguishes social anxiety disorder (SAD) patients (n = 70) from healthy
controls (HC) (n = 25). To investigate network organization, we implemented a graph-theory method called Dependency
Network Analysis. Participants underwent fMRI while watching or reappraising video clips involving interpersonal verbal
criticism. During reappraisal, the reappraisal network exerted less influence on the reactivity network in SAD participants.
Specifically, the influence of the right inferior frontal gyrus on both reappraisal and reactivity networks was significantly
reduced in SAD compared with HC, and correlated negatively with negative emotion ratings among SAD participants.
Surprisingly, the amygdala exhibited reduced influence on the reappraisal network in SAD relative to HC. Yet, during the
watch condition, the left amygdala’s influence on the reactivity network increased with greater social anxiety symptoms
among SAD participants. These findings refine our understanding of network organization that contributes to efficient
reappraisal or to disturbances in applying this strategy in SAD.

Key words: cognitive reappraisal, emotional reactivity, fMRI, graph theory network analysis, social anxiety disorder

Introduction
A growing perspective in cognitive neuroscience views the
communication within and between large-scale functional net-
works as the biological basis for the formation of human emo-
tional experience (Menon 2011; Sylvester et al. 2012). However,
the most informative metric of such communication has yet to
be agreed upon. One candidate—the mathematical field of
graph theory—recently emerged as a tool for characterizing

fMRI driven brain network features that can distinguish
between processes, as well as between healthy and pathologi-
cal states (Bassett et al. 2008; Bullmore and Sporns 2009; Sporns
2011).

To date, most of the fMRI studies that have conducted graph
theoretical analysis have done so during resting state, showing
that graph analysis can identify specific brain network features
as possible markers of psychopathology (Micheloyannis et al.
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2006; Stam and Reijneveld 2007; Stam et al. 2007; Liu et al. 2008;
van den Heuvel and Hulshoff Pol 2010; Menon 2011). However,
resting state network organization studies have been limited in
probing specific mental process, thus, hampering diagnostic
specificity.

More recently, several studies have demonstrated functional
brain network dynamics in response to experimental task
demands. For example, Bassett et al. (2011, 2013) showed that
network features such as modularity and flexibility changed
during a motor learning task, and Raz et al. (2012, 2013) showed
that interbrain- and intrabrain-network cohesion levels were
associated with emotional experience during film viewing.
These foundational efforts have paved the way for addressing
an essential aspect of network organization that is related to its
hierarchy as indicated by metrics of influence and dependency
(Hutchison et al. 2013). In particular, it has been suggested that
an examination of hierarchy of nodes in the network could
help characterize its functional specificity (Sporns 2011) and
accurately identify the nodes that are most critical for task per-
formance. Importantly, in addition to advancing our knowledge
about mechanisms underlying pathological processes, the abil-
ity to identify regions that are critical for specific mental pro-
cesses can facilitate the development of more effective
therapeutic interventions.

One transdiagnostic mental process that relies on relatively
well-understood brain systems is emotion regulation: strategies
used to decrease, maintain or increase emotional responses
(Gross 1998; Phillips 2008; Gyurak et al. 2011; Etkin et al. 2015).
One particularly important and well-studied form of emotion
regulation is cognitive reappraisal, an explicit emotion regula-
tion strategy that involves modulating an emotional response
by reinterpreting the meaning of an emotional stimulus or
event. Cognitive reappraisal is a fundamental skill incorporated
in nearly all psychosocial treatments for mood and anxiety dis-
orders (Clark and Wells 1995). Furthermore, successful imple-
mentation of emotional regulation contributes to treatment
outcome and resilience among patients (Min et al. 2013).

Current neuroscientific views of emotion regulation main-
tain that reappraisal is achieved via the interaction between 2
distinct brain networks (Ochsner et al. 2012; Etkin et al. 2015):
1) an “explicit cognitive regulation” network, which is assumed
to support effortful forms of emotion regulation such as reap-
praisal, and consists of frontoparietal and mid-dorsal frontal
brain regions implicated in cognitive control (inferior frontal
gyrus [IFG], dorsolateral prefrontal cortex [dlPFC], superior parie-
tal lobule [SPL] and middle frontal gyrus [MFG] and presupple-
mentary motor area [pre-SMA]), known to allocate attention and
employ decision making (Buhle et al. 2014), and 2) an “emotional
reactivity” network, which is involved in the perception and gen-
eration of an emotional response, comprised of limbic (e.g.,
amygdala), paralimbic (e.g., periaqueductal gray [PAG]), and cor-
tical (e.g., insula and dorsal cingulate cortex) regions.

Generally, the explicit cognitive regulation network is
assumed to support mental construction of reappraisals which
can modulate emotional responses generated by the reactivity
network (Buhle et al. 2014). In accordance with the functional
network approach described above, it is assumed that uncoor-
dinated interaction between emotional reactivity and regula-
tion networks may be a critical aspect of the emotion
dysregulation that characterizes individuals diagnosed with
different anxiety and mood disorders (Etkin et al. 2015; Jazaieri
et al. 2015; Morawetz, Bode, Derntl et al. 2016).

In the present study, we applied Dependency Network
Analysis (DEPNA)—a newly developed graph based analysis

method—to distinguish different patterns of network hierarchy
and information flow within and between brain networks
(Jacob et al. 2016, 2018). DEPNA evaluates a brain region’s impor-
tance within a given network according to its influence over
the correlations between all other pairs of brain regions, hence-
forth, termed “Influencing Degree.” Influence hierarchy was
evaluated while individuals implemented reappraisal or
reacted naturally to interpersonal criticism delivered by others
through short video clips (Ziv et al. 2013a, 2013b).

To more robustly investigate the role of network hierarchy
during reappraisal of negative emotion in a specific clinical
sample, we characterized the hierarchy and dynamics of fMRI
connectivity in social anxiety disorder (SAD) patients compared
with healthy controls (HC) in the context of ecologically valid
and personally salient social criticism. With a lifetime prevalence
of about 12% (Kessler et al. 2005), SAD is a psychiatric disturbance
uniquely driven by heightened emotional reactivity to and dis-
torted cognitive processing of social information (Stein and Stein
2008). While this maladaptive processing can be modified by prac-
ticing cognitive reappraisal in the context of cognitive behavioral
therapy (CBT), individuals with SAD have deficits in implementing
this strategy, suggesting abnormality in the reappraisal-related
network (Werner et al. 2011; Jazaieri et al. 2015).

In regards to heightened emotional reactivity various neuro-
imaging studies of SAD have shown a link between social anxiety
symptoms and amygdala hyperactivity (Etkin and Wager 2007)
and hyperconnectivity (Brühl et al. 2014) in response to social
information. Regarding emotional regulation, several studies of
SAD have found differences in recruitment of reappraisal-related
brain areas, including the IFG or dlPFC and their functional con-
nectivity with regions implicated in emotional reactivity (Goldin,
Manber et al. 2009; Goldin, Manber-Ball et al. 2009; Ziv et al.
2013a). More specifically, when reappraising an emotional
response to negative self-beliefs, SAD patients showed reduced
inverse functional connectivity between the amygdala and
reappraisal-related prefrontal cortical brain regions relative to HC
(Goldin, Manber-Ball et al. 2009). Correspondingly, greater inverse
functional coupling of the amygdala with cognitive control
regions, as well as positive functional connectivity within
reappraisal-related regions in the prefrontal cortex, was evident
following CBT in SAD patients, suggesting a causal role for effec-
tive internetwork relations when employing emotion regulation
(Goldin et al. 2013). Additionally, people with SAD exhibit hyper-
activity in emotional reactivity regions such as the amygdala; a
key region involved in the generation of emotional reactions
(Etkin and Wager 2007). SAD patients also exhibit ineffective cou-
pling of the amygdala with the cognitive reappraisal network
during different mental tasks, such as viewing socioemotional
stimuli (Freitas-Ferrari et al. 2010; Brühl et al. 2014), regulating
negative emotions (Goldin, Manber et al. 2009; Goldin, Manber-
Ball et al. 2009) or merely resting in the fMRI scanner (Liao et al.
2010; Hahn et al. 2011).

To date, several studies examined connectivity patterns of
large-scale brain networks in SAD patients (Liao et al. 2010;
Ding et al. 2011; Hahn et al. 2011; Liu et al. 2015). However,
because these studies were conducted during fMRI resting
state, they have not been able to directly probe specific infor-
mation processing capacities or deficits in SAD patients. To test
the directionality of effective connectivity during a specific
mental task, Sladky et al. (2015) recently implemented a
dynamic causal modeling (DCM) analysis on data obtained dur-
ing facial emotion and object discrimination tasks. They found
excitatory connections between the amygdala and the orbito-
frontal cortex (OFC) alongside reduced amygdala influence over
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the dlPFC in a group of SAD patients. These findings suggest
that in addition to the amygdala being influenced by higher
cognitive areas during regulation of negative affect, its influ-
ence over prefrontal regions is not to be neglected. However,
this direction of influence has not been tested in the context of
reappraisal thus far. Moreover, while DCM (Friston et al. 2003)
is currently the most powerful method for fMRI causality infer-
ence, it confines the a priori examination of effective connectiv-
ity to a small set of regions and requires a specific biophysical
model (Friston 2009).

Based on findings to date, we first hypothesized that emo-
tion dysregulation in SAD is related to deficient recruitment of
a brain network associated with cognitive reappraisal, as well
as to atypical interactions between reappraisal- and emotional
reactivity-related networks (Hypothesis 1). We further assumed
that such deficits would manifest in lesser influencing degree
values (i.e., less impact on the reappraisal and reactivity net-
works connectivity) in the SAD group compared with HC as
detected by the DEPNA. If true, we would expect to observe the
following testable effects as support for our Hypothesis 1,
namely, that when participants implement reappraisal of inter-
personal criticism, reappraisal-related brain regions would
exert less influence both within the reappraisal network (intra-
network analysis, Hypothesis 1a) and on the reactivity network
(internetwork analysis, Hypothesis 1b) in SAD participants rela-
tive to HC. In addition, we also examined whether the influence
of the emotional reactivity network on the reappraisal network
differed between SAD and HC participants (Hypothesis 1c).
Furthermore, we hypothesized that people with SAD would
demonstrate hyperconnectivity within the emotional reactivity
network compared with HC (Hypothesis 2). We would then
expect to observe greater influencing degrees for SAD versus HC
within the emotional reactivity network brain regions (intranet-
work analysis) during the “watch” condition (Hypothesis 2a).
We further hypothesized that the amygdala would demonstrate
greater influence over other brain regions within the emotional
reactivity network (i.e., more likely to generate the emotional
process) in SAD participants relative to HC, and that this would
correlate with individual differences in social anxiety symptoms
and subjective ratings within the SAD group (Hypothesis 2b).
Lastly, we examined whether there was an association between
the influencing degrees and individual differences in self-
reported emotion ratings, social anxiety symptoms, and trait
reappraisal across all SAD participants.

Materials and Methods
Participants

Participants included 70 patients (32 females) who met DSM-IV
(Association 2013) diagnostic criteria for generalized SAD and

25 (13 females) demographically matched HC with no history of
DSM-IV psychiatric disorders. The demographic and clinical
variables are presented in Table 1, see Ziv et al. (2013b) for
more details. Both SAD and HC had a mean age of 33 years
(range: SAD 21–53 years; HC 21–52 years, see Table 1) and mean
years of education of 17 (range: SAD 12–23 years; HC 16–20
years, see Table 1). All participants provided informed consent
prior to entering the study in accordance with institutional
review board regulations.

Exclusion Criteria

Patients were excluded if they reported current pharmacother-
apy or psychotherapy, history of neurological disorders, and
current psychiatric disorders (other than SAD, generalized anxi-
ety disorder, agoraphobia without a history of panic attacks,
dysthymia, or specific phobia).

Self-Report Questionnaires

Participants completed self-report measures of SAD clinical
symptoms and individual differences in reappraisal tendencies.
As shown in Table 1, patients reported significantly greater social
anxiety symptoms (Liebowitz Social Anxiety Scale-Self-Report
[LSAS-SR] (Liebowitz 1987), and lesser reappraisal frequency and
self-efficacy [ERQ] (Gross and John 2003)) compared with HC.

Dynamic Interpersonal Criticism fMRI Task

This task was originally described by Ziv et al. (2013b). In this
task, videotaped actors displayed interpersonal criticism (Fig. 1)
while participants were asked to either just watch or actively
reappraise negative reactions to verbal and facial content dis-
played in short video clips. Each condition included 16 trials.
Participants were trained prior to scanning to reappraise on a
separate set of stimuli not used in the scanner. In the “Watch”
condition, participants were instructed to view the video and
evaluate whether the statement represents something true
about themselves. The instructions for the “Reappraise” condi-
tion were to view the video and try to down-regulate their nega-
tive emotions evoked by the criticism, by actively reinterpreting
the meaning of the emotion-inducing stimulus (Ochsner et al.
2004). After each condition, participants provided a negative
emotion rating using a button response pad inside the scanner
by responding to the question: “How negative do you feel?” (1 =
not at all to 5 = very much).

An asterisk-counting task was used as a low-level cognitive
control condition. This condition included 16 trials (12 s each),
during which participants pressed a button to indicate the
number of asterisks on the screen which changed from 1 to 5
asterisks every 3 s.

Table 1 Demographic and clinical variables

HC (N) SAD (N) t (df) P
Mean ± SD Mean ± SD

Female (n) 11 (25) 33 (70)
Age (mean years ± STD) 32.8 ± 9.7 (25) 33.5 ± 9.2 (70) 0.3 (93) 0.74
Education (mean years ± STD) 17.7 ± 1.4 (25) 16.8 ± 2.4 (70) 1.7 (88) 0.08
LSAS-SR (mean ± STD) 15.6 ± 9.4 (25) 82.0 ± 18.3 (70) 17.3 (93) 0.000*
ERQ reappraisal capability 41.1 ± 8.4 (21) 26.9 ± 10.5 (63) −5.6 (82) 0.000*
ERQ reappraisal frequency 38.2 ± 7.9 (21) 28.7 ± 11.3 (63) −3.6 (82) 0.001*

LSAS-SR = Liebowitz Social Anxiety Scale-Self-Report. ERQ = emotion regulation Questionnaire. *P < 0.0001.
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To assess whether the interpersonal criticism task yielded
differences in negative emotion ratings as a function of the
group and task condition, we analyzed mean negative emotion
ratings with a 2 condition (watch vs. reappraise criticism) × 2
group (HC vs. SAD) repeated-measures analysis of variance
(ANOVA) using Statistica 10 (StatSoft).

fMRI Data Acquisition and Preprocessing

Image acquisition was performed on a General Electric 3-T
Signa magnet (GE Healthcare, Milwaukee, WI). Head movements
were minimized using a bite-bar and foam padding. A total of
684 functional volumes (2 scans × 342 TRs per scan) were
obtained at a repetition time of 1500ms. Preprocessing included
volume registration, motion correction, spatial smoothing, high-
pass filtering, linear detrending, and spatial normalization using
Analysis of Functional Neuroimages (AFNI) software (Cox 1996).
The functional data were corrected using global signal regres-
sion. The 2 functional runs were concatenated prior to statistical
analysis. Further details of image acquisition and preprocessing
are provided in Supplement 1.

Dependency Network Analysis

Functional analysis was performed on 2 networks. The cogni-
tive reappraisal network was selected according to a meta-
analysis of neuroimaging studies on cognitive reappraisal

(Buhle et al. 2014) and comprised 7 brain regions: bilateral IFG,
bilateral MFG, bilateral SPL, and pre-SMA. The emotional reac-
tivity network was selected according to a meta-analysis of
neuroimaging studies on emotion (Kober et al. 2008) and com-
prised 6 brain regions: bilateral amygdala, bilateral middle
insula (midIns), PAG, and dACC. For each ROI we created a
spherical mask (radius = 4mm, volume = 268.1mm3) centered
on the peak coordinates (Tables 2 and 3). The averaged BOLD
signal was extracted for each ROI mask for each subject for
each condition (watch and reappraise criticism). For each con-
dition, we computed the average time course (15 s, 10 TRs)
across all 16 trials. These time-points are mathematically suffi-
cient to conduct correlation tests, and in terms of fMRI data,
they are also sufficient to obtain the hemodynamic response
function (HRF), which typically peaks after 6 s (Liao et al. 2002).
Each trial consisted of a 12 s movie clip followed by a 3 s period
during which the participant was cued to make a negative
emotion rating. However, due to the relatively slow BOLD signal
and HRF delay, we did not expect to obtain an effect from the
ratings from just 2 time-points. We also note that in contrast to
other functional connectivity studies, the current study is con-
ducted using fMRI data from a block design task. We calculated
functional connectivity based on each condition’s averaged
BOLD signal, thus inherently controlling for motion artifacts.

During watch and reappraise criticism conditions, we applied
the DEPNA relationships of influence between the nodes of the
emotional reactivity and cognitive reappraisal networks. DEPNA
and its implementation are described in detail in (Jacob et al.
2016). The steps needed to calculate the network’s ROI DEPNA
influence are described in Figure 2. DEPNA provides causal
information by employing partial correlations. The correlation
influence index (d) value stands for the statistical measure
indicating how a third variable affects the correlation between
2 other variables. Thus, a large correlation influence measure
(d) means that a significant fraction of the correlation between
nodes i and k can be explained in terms of the effect of node j
on this correlation. Briefly, the influence of ROI j on the pair of
ROIs i and k is defined as the difference between the correlation
between i and k and the partial correlation between them given
j (Fig. 2A). We then compute the dependency matrix D, which is
the averaged influence effect for each ROI (i.e., node) on all
other pairwise correlations in the network (Fig. 2B). Each ROI’s
Influencing Degree is then defined as the sum of the influences
of ROI j on all other ROIs i (Fig. 2C). The higher this measure,
the more this ROI influenced all other connections in the net-
work. Finally, we created graph visualization by connecting
only influences that were found significantly different between
the 2 groups (Fig. 2D). The characteristics and interpretations of
the DEPNA features are described in Table S1 in Supplement 1.
The specific algorithm procedure is described in the following
paragraphs.

The ROI–ROI correlations were calculated by Pearson’s for-
mula (Rodgers and Nicewander 1988). First the correlation coef-
ficients were normalized using a Fisher r-to-Z transformation.
We then define the correlation influence of ROI j on the correla-
tion between the pair of ROIs i and k as the difference between
the normalized correlation and the partial correlation (Kenett
et al. 2010) (Fig. 2A), given by the following equation:

( | ) ≡ ( ) − ( | ) ( )d i k j C i k PC i k j, , , 1

( | ) =
( ) − ( ) ( )

[ − ( )][ − ( )]
PC i k j

C i k C i j C k j

C i j C k j
,

, , ,

1 , 1 ,2 2

Figure 1. Dynamic interpersonal criticism task. Each block “Watch” or “Reappraise”

consisted of: 1) a 1.5 s “Cue”; 2) a video-clip of an actor delivering interpersonal criti-

cism; and 3) a negative emotion rating scale. Participants were instructed to either

“Just Watch”—react normally to the stimuli without any attempt to control, modify

or regulate their reactions—or to “Reappraise” by trying to down-regulate negative

emotion reactions by actively reinterpreting the meaning of the emotion-inducing

stimulus. The task consists of 2 conditions: (A) Watch Criticism and (B) Reappraise

Criticism. This figure was taken from Ziv et al. (2013a,b).
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where ( )C i j, , ( )C i k, , and ( )C k j, are the normalized ROI–ROI cor-
relations. The partial correlation coefficient is a statistical mea-
sure indicating how a third variable affects the correlation
between 2 other variables (Shapira et al. 2009). To avoid cases
where we sum over positive and negative influences, we
reset all negative values to zero.

We then define the total influence of node j on node i, or the
dependency ( )D i j, of node i on node j to be (Fig. 2B):

∑( ) =
−

( | ) ( )
≠

−

D i j
N

d i k j,
1

1
, 3

k j

N 1

As defined, ( )D i j, is a measure of the average influence of
node j on the correlations ( )C i k, , over all nodes k. N is the num-
ber of nodes in the network. The node activity dependencies
define a dependency matrix D whose ( )i j, element is the influ-
ence of node j on node i.

Next we sorted the nodes according to the system level
influence of each node on the correlations between all other
node pairs (Fig. 2C). The system level Influencing Degree of
node j is simply defined as the sum of the influence of node j
on all other nodes i, that is:

∑( ) = ( ) ( )
≠

−

j D i jInfluencing Degree , 4
i j

N 1

The DEPNA ‘Influencing Degree’ measure indicates the hier-
archy of efferent (out-degree) influence of the node on the
entire network. The higher this measure, the greater its impact
on all other connections in the network and the more likely it
is to be generating the information flow in the network.

To create network graph visualization we used the pairwise
dependency connectivity matrix. A 2-tailed t statistic was com-
puted to compare the 2 groups. We then connected only pair-
wise ROIs with dependencies that were significantly different
between the 2 conditions (P < 0.05 level) creating a simple graph
visualization of the differences between the groups. The brain
visualization of the graph was conducted with the BrainNet
Viewer (Xia et al. 2013, http://www.nitrc.org/projects/bnv/).

DEPNA was computed for each network (i.e., emotional reac-
tivity, cognitive reappraisal), subject, and condition (i.e., reap-
praise criticism, watch criticism) resulting in an Influencing
Degree for each region (Fig. 2C,D). In addition, we further inves-
tigated the internetwork influences of the emotional reactivity
and cognitive reappraisal networks. The internetwork influence
was computed for each network node’s influence on the con-
nections within the second network (Fig. 2F). Finally, the total
network influence on the second network was calculated as the
sum of the internetwork influences (Fig. 2G). Next, we con-
ducted a between-group t-test for each region’s degree of influ-
ence. All results in each hypothesis were corrected for multiple
comparisons using false discovery rate (FDR) correction with P
< 0.05 threshold (Benjamini and Hochberg 1995). We note that
as the internetwork influence degree is the sum of the specific
region’s influences on all regions within a second network, the
number of regions in the second network may impact the level of
influence. Therefore, we examined the influence of the reappraisal
network regions on the reactivity network, and the influence of
the reactivity network regions on the reappraisal network sepa-
rately in 2 different analyses. In addition, we only compared the
level of influence of each region (which is calculated for the same
number of network regions) between the 2 groups (SAD vs. HC).

More specifically, during reappraisal, we expected that the
reappraisal network would exert less influence both within

itself (intranetwork analysis) and on the reactivity network
(internetwork analysis) in SAD participants relative to HC. In
addition, we examined whether the influence of the emotional
reactivity network on the reappraisal network differed between
SAD and HC (Hypothesis 1).

Our first hypothesis that during the reappraise condition the
reappraisal network would exert less influence both within
itself and on the reactivity network in SAD participants relative
to HC, was tested on several network levels: 1) the intranetwork
Influencing Degree measures within the reappraisal network;
2) regional internetwork influence of each reappraisal network
regions on the connections within the emotional reactivity net-
work regions and vice versa; and 3) total internetwork influence
of the cognitive reappraisal network on the emotional reactivity
network (i.e., the sum of all the reappraisal brain regions influ-
ences on the entire reactivity network) and vice versa. Our sec-
ond hypothesis that during the “watch” condition SAD
participants would exhibit greater influencing degree within
the emotional reactivity network relative to HC, was tested by
the intranetwork Influencing Degree within the emotional
reactivity network. We further tested the SAD participants’
amygdala’s influence correlation with social anxiety symptoms
and subjective ratings using Pearson correlations.

Next, we conducted Pearson correlations to assess the asso-
ciation between regions that were found to be significantly dif-
ferent between the groups and social anxiety symptoms,
subjective mean negative emotional ratings, and reappraisal
traits among SAD patients. A partial correlation was used to
control for age and gender as covariates. We then corrected for
multiple comparisons using FDR.

Control DEPNA Analysis

To further validate our results, we conducted intranetwork and
internetwork DEPNA on the third asterisks control condition.
We expected no differences between the groups. We then con-
ducted for each network a between-group t-test for each
region’s Influencing Degree and corrected for multiple compari-
sons using the FDR.

In addition, we conducted the identical DEPNA analysis on
the reappraise and watch conditions, in a nontask related net-
work. We chose to look at a motor network, as it is not task
related in any manner.

We extracted the motor network, which included a set of
regions that are consistently activated during hand or foot
movements (Biswal et al. 1995; Shirer et al. 2012). Overall the
motor network consisted of 6 regions of interest (ROIs), and
these ROIs were defined according to the Wake Forest
University (WFU) PickAtlas (Maldjian et al. 2003). The averaged
BOLD signal (time series) was then extracted for each ROI mask
image and each subject.

Results
Negative Emotion Ratings During Watch and
Reappraisal

We found that, compared with HC, SAD patients reported sig-
nificantly greater negative emotion across both watch and
reappraise criticism conditions (main effect of group: F[1,93] =
34.88, P < 0.001, ηp

2 = 0.27). All participants rated their emo-
tional experience less negatively during the “Reappraise
Criticism” condition compared with the “Watch Criticism” con-
dition (main effect of condition: F[1,93] = 70.17, P < 0.001, ηp

2 =
0.43). The condition × group interaction was not significant
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(interaction effect: F[1,93] = 0.032, P > 0.8, ηp
2 = 0.00). Although

the interaction was not significant, we conducted pairwise
comparisons between groups per condition to assure that the
SAD group experienced more negative emotion during both
watch and reappraise conditions (t[93] = 5.11, P < 0.0001 and t =
5.91, P < 0.0001, respectively).

These results confirm that when cued, participants with
SAD can reappraise emotional reactivity to the same degree as
HC. However, as expected, SAD patients experienced the inter-
personal criticism stimuli more negatively than the HC group
for both of the experimental conditions, suggesting greater
overall emotional reactivity in SAD compared with HC.

Network Hierarchy During “Reappraise Criticism”

To address our first hypothesis and to assess whether the reap-
praisal network exhibited a lesser influence among SAD
patients relative to HCs during reappraisal, we applied the

DEPNA influencing index on 3 different network configurations:
1) intranetwork influence; 2) internetwork influence; and 3) total
internetwork influence. Each of these metrics results were also
correlated to subjective and clinical measures in the SAD
group.

Confirming Hypothesis 1a, analysis of the influence hierar-
chy within the cognitive reappraisal network (i.e., intranetwork
analysis) during the reappraise condition, revealed that the
SAD group exhibited reduced influence of the right IFG on other
reappraisal regions, as compared with HC (t[93] = 3.42, P <
0.001, qFDR < 0.05) (Table 2 and Fig. 3). Additionally, we
addressed the correlation of right IFG Influencing Degree with
the subjective mean negative emotion ratings during the reap-
praise condition specifically within SAD patients and found a
negative relation between the 2 (r = −0.31, P < 0.012) (Fig. 3C).
As the right IFG’s influence on the cognitive reappraisal net-
work regions increased, the negative emotions ratings during
the reappraisal condition decreased among SAD patients.

Table 2 Reappraise Criticism intranetwork and internetwork influence

Region Coordinates TAL [x, y, z] HC influencing degree SAD influencing degree t (df) P
Mean ± SD Mean ± SD

Intracognitive reappraisal network influence
Left IFG −40, 41, 2 0.86 ± 0.88 0.88 ± 0.85 −0.11 (93) 0.92
Right IFG 49, 24, 9 1.49 ± 1.18 0.82 ± 0.69 3.42 (93) 0.001*
Left MFG −32, −4, 52 1.31 ± 1.01 1.12 ± 0.80 0.97 (93) 0.34
Right MFG 46, 8, 46 0.57 ± 0.69 0.58 ± 0.51 −0.02 (93) 0.98
Left SPL −40, −67, 35 0.63 ± 0.80 0.60 ± 0.64 0.23 (93) 0.82
Right SPL 54, −52, 35 1.57 ± 1.07 1.43 ± 1.09 0.54 (93) 0.59
Pre-SMA −2, 7, 62 1.02 ± 1.07 0.92 ± 0.96 0.44 (93) 0.66

Cognitive reappraisal regions’ influence on the emotional reactivity network
Left IFG −40, 41, 2 0.11 ± 0.08 0.10 ± 0.08 0.82 (93) 0.41
Right IFG 49, 24, 9 0.17 ± 0.10 0.11 ± 0.08 3.33 (93) 0.001*
Left MFG −32, −4, 52 0.15 ± 0.09 0.12 ± 0.08 1.44 (93) 0.15
Right MFG 46, 8, 46 0.10 ± 0.09 0.08 ± 0.07 1.43 (93) 0.16
Left SPL −40, −67, 35 0.08 ± 0.09 0.07 ± 0.05 0.42 (93) 0.68
Right SPL 54, −52, 35 0.16 ± 0.09 0.13 ± 0.08 1.57 (93) 0.12
Pre-SMA −2, 7, 62 0.12 ± 0.08 0.11 ± 0.08 0.43 (93) 0.67

Emotional reactivity regions’ influence on the cognitive reappraisal network
Left Amy −19, −6, −13 0.14 ± 0.11 0.08 ± 0.06 3.94 (93) 0.0002*
Right Amy 18, −4, −14 0.14 ± 0.10 0.09 ± 0.07 3.19 (93) 0.002*
Left midIns −38, −1, 2 0.12 ± 0.10 0.09 ± 0.06 1.76 (93) 0.08
Right midIns 40, −6, 4 0.10 ± 0.08 0.08 ± 0.06 1.07 (93) 0.29
PAG 1, −29, −4 0.09 ± 0.08 0.06 ± 0.06 1.82 (93) 0.07
dACC −1, 18, 35 0.12 ± 0.11 0.10 ± 0.08 1.25 (93) 0.22

Amy, amygdala; dACC, dorsal anterior cingulate cortex; IFG, inferior frontal gyrus; MFG, middle frontal gyrus; midIns, middle insula; PAG, periaqueductal gray; pre-

SMA, presupplementary motor area; SPL, superior parietal lobule. *P < 0.05 FDR corrected.

Table 3 Watch Criticism intraemotional reactivity network influence

Region Coordinates TAL[x, y, z] HC influencing degree SAD influencing degree t (df) P
Mean ± SD Mean ± SD

Left Amy −19, −6, −13 0.94 ± 0.77 0.77 ± 0.69 1.05 (93) 0.36
Right Amy 18, −4, −14 0.85 ± 0.86 0.85 ± 0.85 −0.004 (93) 0.68
Left midIns −38, −1, 2 0.73 ± 0.79 0.73 ± 0.88 −0.01 (93) 0.90
Right midIns 40, −6, 4 0.54 ± 0.51 0.52 ± 0.49 0.23 (93) 0.96
PAG 1, −29, −4 0.54 ± 0.48 0.55 ± 0.64 −0.10 (93) 0.56
dACC −1, 18, 35 0.62 ± 0.89 0.42 ± 0.44 1.43 (93) 0.66

Amy, amygdala; dACC, dorsal anterior cingulate cortex; midIns, middle insula; PAG, periaqueductal gray.
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To assess the influence of the reappraisal network regions
on the emotional reactivity network regions (Hypothesis 1b),
we calculated the DEPNA Influencing Degree measure on the
internetwork level during reappraisal. The internetwork influ-
ence analysis revealed that the SAD group once again exhibited
a decreased influence of the right IFG on the emotional reactiv-
ity network, relative to HC (t[93] = 3.33, P < 0.002, qFDR < 0.05)
(Table 2 and Fig. 4). Furthermore, the total interinfluence analy-
sis revealed that compared with HC, SAD patients exhibited
decreased overall influence of the cognitive reappraisal net-
work on the emotional reactivity network (t[93] = 3.25, P <
0.002, qFDR < 0.05) (Fig. 4C).

To further explore the reciprocal relationships between both
networks, we additionally calculated the internetwork influ-
ence of the reactivity network on the cognitive reappraisal net-
work (Hypothesis 1c). This analysis revealed that the SAD
group exhibited a decreased influence of right and left amyg-
dala on the cognitive reappraisal network (t[93] = 3.19, P < 0.002
and t[93] = 3.94, P < 0.0002, respectively, qFDR < 0.05) (Table 2
and Fig. 5). Finally, the total influence of the emotional reactiv-
ity network on the cognitive reappraisal network (i.e., total
internetwork analysis) was not significantly different between
SAD and HCs (P > 0.1) (Fig. 5C).

Network Hierarchy During “Watch Criticism”

To address Hypothesis 2a and to evaluate if the influence
within the emotional reactivity network was higher during the
watch condition among SAD patients compared with HCs, we
calculated the DEPNA intranetwork Influencing Degree mea-
sures. At odds with our expectations, we found that these mea-
sures did not differ significantly between SAD patients and HC
(Table 3 and Fig. 6A). While the amygdala’s influence within
the reactivity network did not differ between SAD and HC, in
accordance with Hypothesis 2b, the left amygdala’s Influencing
Degree was found to be positively correlated with social anxiety
symptoms (LSAS-SR) (Liebowitz 1987) among the SAD group
(r = 0.29, P < 0.016) (Fig. 6B).

Of note, no significant differences in the internetwork
DEPNA were found between SAD and HC during the watch con-
dition (see Fig. S1 in Supplementary 1).

Control Analyses

In order to control for overall main effects differences between
the SAD and HC groups, we conducted 2 control analyses. First,
to control for a main effect in the paradigm conditions, we

Figure 2. Dependency network analysis (DEPNA). (A) The correlation influence of node j on the pair of nodes i and k is defined as the difference between their correla-

tion C(i,k) and their partial correlation with respect to the node j − PC(i,k|j). The partial correlation coefficient is a statistical measure indicating how a third variable

affects the correlation between 2 other variables. Thus, the correlation influence measure d is large only when a significant fraction of the correlation between nodes

i and k can be explained by the influence of node j. (B) Dependency matrix—next, we calculate the partial correlation effect for each ROI on all other pairwise correla-

tions in the network. We define the total influence of node j on node i, D(i,j) as the average influence of node j on the correlations C(i,k), over all nodes k. The node

dependencies define a dependency matrix D, whose (i,j) element is the influence of node j on node i. (C) “Influencing Degree”—we then define the influences of node j

as the sum of the influence D(i,j) of j on all other nodes i. The higher this measure the more this node influenced all other connections in the network. (D) Graph

Visualization—each ROI is color-coded according to its influencing or influenced degrees. All pairwise ROIs with dependency elements D that are significantly differ-

ent between 2 conditions (or groups) at the P < 0.001 level are plotted as edges. Each edge is color-coded according to the t-test sign as light or dark gray. The arrows

represent the direction of influence. (E) The intranetwork influence was computed for each node as the sum of its influences on the nodes within its network. (F) The

internetwork influence was calculated as the sum of the influences D(ki,j) of a node j from one network only on the nodes ki in the second network. Each region gets a

measure of its influence on the connections of the second network. (G) The total internetwork influence was computed as the sum of all internetwork influences

from one network on the nodes within the second network.
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conducted the DEPNA analysis of the cognitive reappraisal and
emotional reactivity network during a low-level cognitive task
that served as a control condition, namely, counting the num-
ber of asterisks (1–5 asterisks) that appeared on the screen. As
expected, DEPNA found no significant differences between the 2
groups during the asterisk-counting condition either in the intra-
network or internetwork analyses (see Fig. S2 in Supplement 1).
The lack of group differences in the asterisks condition high-
lights that modulation of the influencing degrees in the network
of interest, the cognitive reappraisal network, is context-specific.
Also, the lack of differential right IFG Influencing Degree in the
asterisks condition rules out the possibility of general poorer
cognitive control in SAD relative to HC.

In order to control for main effect differences on the net-
work level, we conducted an identical DEPNA analysis, only on
a motor brain network, which is not task related and in which
we do not expect to observe differences between the groups. As
expected, DEPNA found no significant differences within the
motor network (see Fig. S3 in Supplement 1). Thus, testing dif-
ferences between the groups in the relevant task conditions but
in irrelevant networks (i.e., motor) indicates that our results of
group differences are also network-specific.

Discussion
The goal of the current study was to examine the effect of reap-
praisal on the organization and hierarchy of emotional

reactivity and cognitive reappraisal networks. We applied our
newly developed graph based network hierarchy analysis—
DEPNA—to a task in which participants with or without SAD
were reacting to or reappraising interpersonal criticism, a clini-
cally relevant context in which SAD patients show exaggerated
emotional reactivity and deficits in emotion regulation.

During the reappraise condition, as hypothesized, SAD parti-
cipants exhibited significantly less influence of the entire cog-
nitive reappraisal network on the emotional reactivity network
compared with HCs. Moreover, we found that the right IFG, a
cognitive reappraisal-related region, showed decreased influ-
ence within the reappraisal network and on the emotional
reactivity network in SAD participants compared with HCs.
Also, in SAD participants only, higher right IFG influence within
the cognitive reappraisal network was associated with lower
negative emotion ratings during the reappraise condition. Our
analysis of the emotional reactivity network’s influence on the
cognitive reappraisal network found that both the right and left
amygdala had a decreased internetwork influence in SAD rela-
tive to HCs. Contrary to our expectations, during the watch con-
dition there was no difference in influence within the emotional
reactivity network in SAD participants compared with HCs.
Nonetheless, in accordance with our hypothesis greater influ-
ence of the left amygdala on the reactivity network correlated
with more social anxiety symptoms in SAD participants.

Our results identified that influencing degree of the right IFG
during reappraisal distinguished SAD from HC (Figs 3 and 4).

Figure 3. Intracognitive regulation network influence during the reappraise condition. (A) The cognitive reappraisal brain network illustration and graph visualization.

Each region is color-coded according to the t statistic value from the t-test between the “Influencing Degree” of the 2 groups. All pairwise ROIs with connections, sig-

nificant at the P < 0.05 level, are plotted as edges. (B) The regions’ Influencing Degree averaged over all 70 SAD patients and 25 healthy controls. The intranetwork

analysis found that the SAD group had significantly lower right IFG influence within the cognitive reappraisal network. (C) In addition, the right IFG’s intranetwork

Influencing Degree of SAD patients was negatively correlated with the subjective mean negative emotion ratings during the reappraisal condition. Therefore, as the

SAD patients’ right IFG influence on the cognitive reappraisal network regions was higher, the less they reported negative emotions.
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Importantly, this measure of network influence did not differ
between the groups in the watch condition or in a control task
(the asterisk-counting condition; see Figs S1 and S2 in
Supplement 1). Intriguingly, in a previous analysis of this data-
set the right IFG activity did not differ between groups during
reappraisal (Ziv et al. 2013a), suggesting that network influence
provides different information than just BOLD signal intensity
differences. Cognitive reappraisal of emotions demands the
implementation of domain-general cognitive control processes,
such as attention and working memory, which are supported
by a frontoparietal network including the IFG (Ochsner and
Gross 2005; Ochsner et al. 2012). In fact, the IFG is known to
play a key role in cognitive control operations such as response
inhibition, task switching, selective attention and manipulation
of information in working memory (Hampshire et al. 2009,
2010; Aron et al. 2014)—and is thus likely to support selection
of goal-appropriate (and inhibition of inappropriate) reapprai-
sals (Buhle et al. 2014; Morawetz, Bode, Baudewig et al. 2016).
Several studies and meta-analyses on the neural bases of emo-
tion regulation corroborate the IFG’s assumed role in support-
ing explicit cognitive strategies for emotion regulation,
specifically reappraisal (Wager et al. 2008; Diekhof et al. 2011;
Buhle et al. 2014; Frank et al. 2014; Morawetz, Bode, Derntl et al.
2016). Specifically, this region was found to be consistently
under-recruited in people diagnosed with different mood and
anxiety disorders relative to HC during reappraisal (Picó-Pérez
et al. 2017; Zilverstand et al. 2017).

Regarding the IFG’s functional connectivity patterns, previ-
ous neuroimaging findings showed decreased functional con-
nectivity of the right IFG with frontal, parietal, and occipital
regions during resting-state in SAD participants, as compared
with HCs (Ding et al. 2011). The current study extends these
findings by demonstrating a decreased right IFG influence
within the frontoparietal cognitive reappraisal network in the
context of down-regulating emotional reactivity to social inter-
personal criticism (Fig. 3). Importantly, this influencing degree
was associated with the SAD participants’ subjective negative
emotion ratings (Fig. 3C). In a study in which healthy partici-
pants were asked to reappraise negative interpersonal stimuli,
the IFG connectivity with other prefrontal regulation-related
areas was associated with individual differences in negative
affect reduction (Morawetz, Bode, Derntl et al. 2016). In addi-
tion, a strong inhibitory influence of the IFG on dlPFC during
reappraisal was recently demonstrated by a DCM analysis in
healthy participants (Morawetz, Bode, Baudewig, Kirilina et al.
2016). The latter result supports the assumed role of the IFG in
selecting goal-appropriate reappraisals and inhibiting working
memory-related dlPFC activation once the selection process is
completed (Ochsner et al. 2012). Our results correspond with
these findings, as they suggest an influencing role for the right
IFG in assembling frontoparietal functional couplings during
reappraisal. Moreover, we relate this influencing degree of the
IFG to individual differences in successful reappraisal of nega-
tive emotion in a clinical sample of SAD participants. Taken

Figure 4. Cognitive reappraisal network influence on the emotional reactivity network during the reappraise condition. (A) The significant group differences illus-

trated on the brain network illustration and graph visualization. Each region is color-coded according to the t statistic value from the t-test assessing group differ-

ences in internetwork influence All pairwise ROIs with connections, significant at the P < 0.05 level, are plotted as edges. (B) The internetwork influence of the

cognitive reappraisal network regions on the emotional reactivity regions averaged over all 70 SAD patients and 25 healthy controls. The SAD group showed signifi-

cantly lower right IFG influence on the emotional reactivity network. (C) In addition, the SAD group exhibited a significantly lower total influence of the reappraisal

network on the emotional reactivity network compared with HC.
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together with the recent findings discussed above, the IFG
emerges as a region that plays an important role in assembling
frontoparietal functional couplings during reappraisal. This
extends the classical finding that the association of the IFG
with successful reappraisal is mediated via subcortical regions
(Wager et al. 2008).

From a whole network perspective, in agreement with the
general hypothesis regarding emotion dysregulation, the SAD
group exhibited reduced total internetwork influence of the
cognitive reappraisal network on the entire emotional reactiv-
ity network (Fig. 4C). This extends current findings showing

hypoactivation of frontoparietal regions alongside hyperactiva-
tion of some emotional reactivity regions in anxious and
depressed individuals during emotional reappraisal tasks
(Picó-Pérez et al. 2017), by delineating network interactions
more precisely. Specifically, the higher influence of the right IFG
at the internetwork level found among HCs relative to SAD par-
ticipants may indicate its functioning as a major node that mod-
ulates effective connectivity in emotional reactivity regions.

This notion is in agreement with studies demonstrating the
contribution of IFG-centered frontolimbic communication to adap-
tive emotional regulation. For instance, when SAD participants

Figure 5. Emotional reactivity network influence on the cognitive reappraisal network during the reappraise condition. (A) The significant group differences illustrated

on the brain network illustration and graph visualization. Each region is color-coded according to the t statistic value from the t-test assessing groups difference in

internetwork influence. All pairwise ROIs with connections, significant at the P < 0.05 level, are plotted as edges. (B) The internetwork influence of the emotional reac-

tivity network regions on the cognitive reappraisal regions averaged over all 70 SAD patients and 25 healthy controls. The SAD group showed significantly lower right

and left amygdala influence on the cognitive reappraisal network. (C) As opposed to significantly decreased influence of the reappraisal network on the reactivity net-

work, the total influence of the emotional reactivity network on the cognitive reappraisal network was not significantly different between the SAD and HC groups.

Figure 6. Intraemotional reactivity network influence during the watch condition. (A) The emotional reactivity network regions’ “Influencing Degree” averaged over

all 70 SAD patients and 25 HCs. The intraemotional reactivity analysis did not found significant differences between the groups. (B) As expected, among the SAD

group the left amygdala’s influence on the emotional reactivity regions was found in positive correlation with social anxiety symptoms scores.
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were asked to reappraise negative self-beliefs, Goldin and collea-
gues found an earlier onset of IFG recruitment and an inverse
functional connectivity of this region with the amygdala in HCs
compared with SAD (Goldin, Manber-Ball et al. 2009). Our results
extend these studies of specific IFG-amygdala connectivity, by
demonstrating that through a large-scale network perspective the
IFG is depicted as a region with high impact on multiple func-
tional couplings that underlie multiple processes: the IFG involve-
ment in influencing neural activity within the frontoparietal
reappraisal network might reflect its role in selecting suitable
reappraisals and inhibiting competing ones, as suggested by
Morawetz, Bode, Baudewig, Kirilina et al. (2016). In addition, its
influence over emotional reactivity regions may serve the inhibi-
tion of prepotent responses. Deficits in both processes may be evi-
dent in people with mood and anxiety disorders such as SAD, yet
whether one of the processes is more dominant in maintaining
emotional dysregulation remains an open question.

Furthermore, analysis of the internetwork influence of the
reactivity network on the cognitive reappraisal network during
the reappraisal condition found a decreased internetwork influ-
ence of the SAD groups’ right and left amygdala as compared
with HCs (Fig. 5). This finding is surprising, as various neuroim-
aging studies typically associate SAD with amygdala hyperac-
tivity during task or rest (Birbaumer et al. 1998; Schneider et al.
1999; Stein et al. 2002; Phan et al. 2006) and enhanced coupling
with cognitive control regions (Brühl et al. 2014).

Yet, when investigating the amygdala during emotional
reappraisal, its activation does not differ between SAD and HCs
(Goldin, Manber et al. 2009; Goldin, Manber-Ball et al. 2009; Ziv
et al. 2013a; Gaebler et al. 2014). We note that previous investi-
gations of these data are in agreement with these studies
showing no significant difference between groups in amygdala
activity during reappraisal compared with just watch (Ziv et al.
2013a). Rather, the amygdala’s functional connectivity with
prefrontal cognitive control regions during reappraisal was
linked to adaptive reappraisal in HCs and to CBT-induced brain
alterations in SAD (Manber-Ball et al. 2009; Goldin et al. 2013).
In addition, our results are also in agreement with structural
diffusion tensor imaging (DTI) studies on anxiety that demon-
strated weaker structural connections of the amygdala with
prefrontal areas associated with emotion regulation among
people with higher trait anxiety (Kim and Whalen 2009;
Greening and Mitchell 2015). Relatedly, a recent optogenetic
study in mice showed that the amygdala’s influence over a reg-
ulatory prefrontal region (the medial prefrontal cortex) is cru-
cial for formation and preservation of fear memories (Klavir
et al. 2017).

Our results are also in line with a recent effective connectiv-
ity study, which by conducting a DCM analysis found decreased
amygdala influence on the regulation-related dlPFC region
among SAD participants compared with HC (Sladky et al. 2015).
In addition, increased connectivity of the amygdala with
regulation-related regions was found to correlate with reduc-
tions in negative affect following reappraisal among healthy
participants (Banks et al. 2007). Hence, effective coupling
between the amygdala and regulation-related areas, and poten-
tially also the amygdala’s influence over these areas, seem crit-
ical for efficient emotion regulation processing. Our finding
extends this notion to SAD participants and their ability to
implement reappraisal in a specific social context, demonstrat-
ing a lower overall influence of the amygdala on the entire
reappraisal network.

Overall, these findings challenge the concept of the amyg-
dala as just a target region “to-be down regulated” (Buhle et al.

2014; Morawetz, Bode, Derntl et al. 2016), and raise a question
about its function and role in shaping network organization
that supports effective cognitive reappraisal of emotion. One
possibility is that at least for some participants, there is a
threshold of amygdala influence on frontoparietal networks
necessary to kick-start or activate reappraisal processes.
Another possibility is that the association between the amyg-
dala’s influence and reappraisal success may reflect a shift in
emotional engagement and attention allocation towards the
more benign mental representations constructed during
the reappraisal process. These interpretations are in line with
the amygdala’s well-established role in detection and encoding
of affective stimuli (Zald 2003), but remain to be more thor-
oughly tested.

As might be expected from previous imaging studies on
social anxiety showing heightened activation and connectivity
within brain networks involved in negative affect generation
(Etkin and Wager 2007; Brühl et al. 2014; Yang et al. 2017), the
SAD group did not demonstrate higher influence during the
watch condition in emotional reactivity network regions com-
pared with HCs. Indeed, previous studies did not find differen-
tial effects in emotional reactivity regions such as the
amygdala and insula between SAD and HC (Ziv et al. 2013a;
2013b). Additionally several studies suggest that activation of
emotional reactivity regions does not necessarily differ
between HC and SAD in tasks where participants watched pas-
sively emotional stimuli (Furmark et al. 2009; Schmidt et al.
2010). Instead, variation in neural activation of such regions
was explained by the severity of social anxiety symptoms only
within the SAD group. Likewise, here a specific inspection of
the amygdala revealed that greater influence of the left amyg-
dala on the reactivity network was positively correlated with
social anxiety symptoms in the SAD group (Fig. 6B). This finding
enhances the characterization of the relation between different
amygdala features and social anxiety severity, by highlighting
its central role in influencing other emotional reactivity regions
in negative social contexts.

Several limitations of this study should be taken into
account. First, SAD participants were asked to down-regulate
negative emotion in a social context. Further studies are
needed to examine whether the same aberrant brain network
influence hierarchy appears with different emotional stimuli
and in other populations diagnosed with emotional disorders.
Second, the main limitation of the DEPNA method is that it
models the dependencies among the data itself based on par-
tial correlations. Hence, while DEPNA can be used to make infer-
ences regarding the influence hierarchy within and between a
network, it does not permit true causal influences, because
“data cannot cause data; data are caused by underlying brain
states” (Friston 2009, p. 0223). Third, coordinates of nodes com-
prising the networks of interest were derived from meta-
analyses on HC rather than from SAD-specific data. This choice
for selection of ROIs may have potentially biased the results of
the network analysis. However, our goal was to test how SAD
differ from HC in “normative” emotion regulation-related net-
works, as this could better demarcate a brain therapeutic tar-
get. In any case, the coordinates of ROIs in which we found
significant differences between SAD and HC (i.e., right IFG and
bilateral amygdala) are adjacent to those reported in meta-
analyses on reappraisal (Picó-Pérez et al. 2017) and emotional
reactivity (Brühl et al. 2014) in SAD patients.

To conclude, our study demonstrates the added value of
graph based analysis to elucidate brain network connectivity in
psychopathology. Our results indicate that the hierarchical
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organization of emotional reactivity and cognitive reappraisal
networks may underlie behavioral deficits in cognitive reap-
praisal which characterize mood and anxiety disorders such as
SAD. These findings add to existing brain research on reap-
praisal and emotional regulation in general, by inspecting the
operation of relatively large-scale brain networks and examin-
ing specific influences of certain nodes within these networks.
From a system-level perspective, the cognitive reappraisal net-
work exerted less influence on the entire emotional reactivity
network in SAD participants when participants were asked to
reappraise interpersonal criticism. More specifically the DEPNA
identified 2 critical hubs for adaptive cognitive reappraisal of
emotion, the right IFG and amygdala, both exerting substan-
tially more influence in HCs over the cognitive reappraisal net-
work. The influencing degrees of these critical regions were
also linked with behavioral measures of both reappraisal suc-
cess and social anxiety symptoms. These findings emphasize
that bidirectional influences of major nodes in both networks
upon each other may underlie efficient regulation of emotion
via cognitive reappraisal. Hence, we propose that the influenc-
ing degree of regions may serve as a target for future
connectivity-based diagnosis and neuromodulation therapies.

Supplementary Material
Supplementary material is available at Cerebral Cortex online.
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