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Abstract

The processing of emotional facial expressions is underpinned by the integration of information from a distrib-
uted network of brain regions. Despite investigations into how different emotional expressions alter the func-
tional relationships within this network, there remains limited research examining which regions drive these
interactions. This study investigated effective connectivity during the processing of sad and fearful facial ex-
pressions to better understand how these stimuli differentially modulate emotional face processing circuitry.
Ninety-eight healthy human adolescents and young adults, aged between 15 and 25 years, underwent an im-
plicit emotional face processing fMRI task. Using dynamic causal modeling (DCM), we examined five brain re-
gions implicated in face processing. These were restricted to the right hemisphere and included the occipital
and fusiform face areas, amygdala, and dorsolateral prefrontal cortex (dlPFC) and ventromedial prefrontal cor-
tex (vmPFC). Processing sad and fearful facial expressions were associated with greater positive connectivity
from the amygdala to dlPFC. Only the processing of fearful facial expressions was associated with greater
negative connectivity from the vmPFC to amygdala. Compared with processing sad faces, processing fearful
faces was associated with significantly greater connectivity from the amygdala to dlPFC. No difference was
found between the processing of these expressions and the connectivity from the vmPFC to amygdala.
Overall, our findings indicate that connectivity from the amygdala and dlPFC appears to be responding to di-
mensional features which differ between these expressions, likely those relating to arousal. Further research is
necessary to examine whether this relationship is also observable for positively valenced emotions.
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Significance Statement

While previous research has implicated interactions between the amygdala and prefrontal regions as impor-
tant to the processing of emotional stimuli, limited investigations into the directional interactions of these re-
gions exist. Our findings highlight differences between the implicit processing of sad and fearful facial
expressions in the connectivity from the amygdala to dorsolateral prefrontal cortex (dlPFC). By refining our
models of the brain network dynamics in healthy individuals, this work may enable us to better understand
how this network becomes dysfunctional in neurological and mental health disorders marked by altered
emotion processing.
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Introduction
The ability to comprehend the emotions of others

through facial expressions is central to human social in-
teractions (Frith, 2009). This process is supported by a
distributed network of brain regions, the so-called “face
processing network,” which has been extensively detailed
through neuroimaging research (Fairhall and Ishai, 2007;
Palermo and Rhodes, 2007; Haist and Anzures, 2017).
Previous research has typically divided the face process-
ing network into “core” and “extended” systems (Haxby
et al., 2000; Gschwind et al., 2012). The core system, in-
cluding the occipital and fusiform face areas (OFA and
FFA), is believed to be involved in processing facial com-
ponents and incorporating these parts into a holistic rep-
resentation (Liu et al., 2010; Jiedong et al., 2012). In
contrast, regions of the extended system including the
amygdala, dorsolateral prefrontal cortex (dlPFC) and ven-
tromedial prefrontal cortex (vmPFC) appear to be impor-
tant in integrating this basic information with higher-order
functions (Adolphs, 2002, 2008; Ishai, 2008). As such, the
extended system overlaps with many large-scale cortical
networks which contribute to a range of cognitive and
emotional processes (Sridharan et al., 2008).
The amygdala is a region traditionally associated with

the processing of fearful stimuli; however, meta-analyses
have demonstrated increased amygdala activity for both
positive and negative valenced facial expressions (Fusar-
Poli et al., 2009). Studies have hypothesized that the
amygdala’s role in face processing is to respond to novel
and highly salient information (Blackford et al., 2010;
Todorov, 2012; Jacob et al., 2014). This is consistent with
the finding of greater activity during the processing of
fearful compared with sad expressions (Fusar-Poli et al.,
2009), as although these expressions are both negatively
valenced, they differ in ratings of arousal (Hedger et al.,
2015; Lin et al., 2016). Moreover, increased connectivity
between the amygdala and dlPFC has been commonly
identified in face processing tasks (Dannlowski et al.,
2009; Comte et al., 2016; Haller et al., 2018). Given their
roles, the interaction between the dlPFC and amygdala,
depending on the directionality, may be important in di-
recting conscious awareness toward and regulating emo-
tional responses to salient emotional stimuli (Dolcos et al.,
2006; Banks et al., 2007; Costafreda et al., 2008; Etkin et
al., 2015). Despite this, previous research examining the
directionality of these interactions has not examined

whether facial expressions with differing arousal ratings,
such as fearful and sad expressions, differently modulate
this relationship (Sladky et al., 2015; Vai et al., 2015;
Willinger et al., 2019). The sparse anatomic connectivity
between these regions additionally suggests that the reg-
ulatory role of the dlPFC on the amygdala is likely depend-
ent on interactions with mediatory regions including the
vmPFC (Phillips et al., 2003; Ray and Zald, 2012).
The vmPFC has been consistently implicated in the

processing of emotional expressions (Heberlein et al.,
2008; Hiser and Koenigs, 2018). Previous studies have re-
ported both vmPFC activation and deactivation (Yang et
al., 2019); however, the decreased activity observed dur-
ing implicit emotional processing tasks is consistent with
its involvement in the default mode network (Raichle et
al., 2001; Harrison et al., 2008, 2011; Uddin et al., 2009).
Negatively valenced expressions, particularly sad expres-
sions, have demonstrated greater vmPFC deactivation in
comparison to happy expressions (Sreenivas et al., 2012).
While this implies that the vmPFC is sensitive to emotional
valence, other research suggests that the vmPFC may
also be sensitive to emotional arousal (Zhang et al., 2014;
Kuniecki et al., 2018). As the interaction between the
vmPFC and amygdala has been implicated as crucial in
regulating appropriate behavioral responses to emotional
stimuli, changes to the valence and arousal of these stim-
uli likely influence this regulation (Hartley and Phelps,
2010; Milad and Quirk, 2012; Motzkin et al., 2015;
Braunstein et al., 2017). A recent study by Willinger et al.
(2019) examined the effects of negatively and positively
valenced facial expressions on the directional interactions
between these regions. Although they highlighted that
negatively valenced expressions were associated with
greater negative modulation from the vmPFC to amygda-
la, expressions within the negatively valenced category
were not compared. As a result of this paucity, whether
expressions which differ in their arousal differentially alter
the connectivity of the extended face processing system
lacks clarification.
The present study aimed to investigate the nature of

functional interactions between key components of the
face processing network during the processing of nega-
tively valenced expressions. We chose to focus on fearful
and sad facial expressions because of their differences in
arousal ratings (Langner et al., 2010) and the importance
of negative affective processing to models of psychopa-
thology (Palazidou, 2012; Hiser and Koenigs, 2018). We
assessed functional interactions using dynamic causal
modeling (DCM), an established method of assessing the
effective connectivity of the brain (Friston et al., 2003).
Effective connectivity is defined as the directional influ-
ence of a neural system or brain region over another
(Friston, 2011). We recruited a large sample of adoles-
cents and young adults, as this developmental period is
particularly sensitive to the processing of negative emo-
tional stimuli, including emotional faces (Vetter et al.,
2015; Yuan et al., 2015).
We expected that emotional face matching would result

in significant activation of the inferior occipital gyrus, fusi-
form gyrus, amygdala, and middle frontal gyrus, as well
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as deactivation of the vmPFC (Harrison et al., 2011). We
hypothesized that there would be significant (1) positive
modulation of the connectivity from the amygdala to
dlPFC, and (2) negative modulation of the connectivity
from the vmPFC to amygdala, during the processing of
both sad and fearful facial expressions. We also hypothe-
sized that (3) fearful face processing would lead to more
pronounced effects on the interactions in the extended
system given the greater salience and arousal of these
stimuli, although we had no clear hypothesis as to the di-
rectionality of these effects.

Materials and Methods
Participants
Ninety-eight participants completed the study protocol

after responding to online advertisements. They were be-
tween 15 and 25 years of age, had no past diagnoses of
mental illness in accordance with the Structured Clinical
Interview for DSM-IV Axis I Disorders (First et al., 1997,
2002) criteria, and had an IQ of .85 as assessed by the
Wechsler Test of Adult Reading (Wechsler, 2001). Each
participant signed an informed consent form to partici-
pate in the study (this was also done by parents of partic-
ipants under the age of 18), which had been approved by
the Melbourne Health Human Research and Ethics
Committee. Of the original sample, six participants were
omitted. These were excluded because of incidental
findings (two participants), poor task performance (lower
than an average 80% accuracy across all conditions;
two participants), or excessive head motion (see further;
two participants). Thus, 92 participants (56.5% female)
with a mean age of 20.1 years (SD 2.9 years) were in-
cluded in our analyses.

Experimental design
Implicit emotional face matching task
The fMRI task was a variation of the face matching task

first described by Hariri et al. (2000). It involved three con-
ditions: one shape matching and two implicit face proc-
essing conditions, involving either fearful or sad facial
expressions. In the shape matching condition, partici-
pants were required to match the orientation of the shape
presented in the top half of the screen to one of the two
shapes presented on the left and right in the bottom half
of the screen. Similarly, in the two face processing condi-
tions, participants were required to match the gender of
the target face, presented in the top half of the screen,
with the gender of one of the faces presented on the left
and right in the bottom half of the screen. All three faces
within a trial (one in the top half and two in the bottom
half) displayed the same facial expression. Each block
would convey either a sad or fearful facial expression.
Gender matching was chosen as the main component of
the task rather than emotion matching as it more closely
replicates natural processes; people typically process ex-
pressions incidentally rather than being required to spe-
cifically identify them.
The order in which the conditions were presented was

counterbalanced between participants [either version A

(shapes, sad, fearful) or B (shapes, fearful, sad)]. Each
session involved six blocks for each of the three condi-
tions (18 blocks total), a 10-s white fixation cross was also
presented between each block, and before the first and
after the final block. Each block consisted of six trials,
with each trial having a duration of 3.75 s followed by a
0.25-s intertrial interval. For the face processing blocks,
these trials comprised three male and three female faces,
which were sampled from a total of 18 male and 18 female
faces.
All of the face stimuli were collected from the Radboud

FaceDatabase (Langner et al., 2010). The taskwas presented
with Paradigm software (http://www.paradigmexperiments.
com) and ran on a Dell computer. The LCD screen that pre-
sented stimuli was visible via a reverse mirror mounted to the
participants’ head coil and behavioral responses were cap-
tured using an optical-fiber button-box. Differences in reac-
tion time (RT) and accuracy between conditions were
compared through the use of a repeated measures ANOVA
and Friedman test, respectively, with a Holms-Bonferroni cor-
rection to adjust for multiple comparisons (Holm, 1979).

Image acquisition
A 3T General Electric Signa Excite system with an

eight-channel phased-array head coil was used in com-
bination with ASSET parallel imaging. The functional se-
quence consisted of a single shot gradient-recalled
echoplanar imaging sequence in the steady state (repeti-
tion time, 2000ms; echo time, 35ms; and pulse angle,
90°) in a 23-cm field-of-view, with a 64� 64-pixel matrix
and a slice thickness of 3.5 mm (no gap). Thirty-six inter-
leaved slices were acquired parallel to the anterior-pos-
terior commissure line with a 20° anterior tilt to better
cover ventral prefrontal brain regions. The total se-
quence duration was 10min and 32 s, corresponding to
311 whole-brain echoplanar imaging volumes. The first
four volumes from each run were automatically dis-
carded to allow for signal equilibration. A T1-weighted
high-resolution anatomic image was acquired for each
participant to assist with functional time-series coregis-
tration (140 contiguous slices; repetition time, 7.9 s;
echo time, 3 s; flip angle, 13°; in a 25.6-cm field-of-view,
with a 256� 256-pixel matrix and a slice thickness of 1
mm). To assist with noise reduction and head immobility,
all participants used earplugs and had their heads sup-
ported with foam-padding inserts.

Image analysis
Preprocessing
Imaging data were transferred to a Unix-based platform

that ran MATLAB version 9.3 (The MathWorks Inc.) and
Statistical Parametric Mapping (SPM) version 12-v7487
(Wellcome Trust Centre for Neuroimaging, London,
United Kingdom). Motion correction was performed by
aligning each participant’s time series to the first image
using least-squares minimization and a six-parameter
rigid-body spatial transformation. Motion fingerprint (SPM
toolbox; Wilke, 2012) was used to quantify participant
head motion. Participants were excluded if movement ex-
ceeded 3 mm mean total displacement or maximum
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scan-to-scan displacement (approximately one native
voxel; Johnstone et al., 2006; Nemani et al., 2009).
Following this, images were corrected for differences in
slice acquisition time and then coregistered to their re-
spective T1 weighted scans, which had been spatially
normalized and segmented using the International
Consortium for Brain Mapping template. These func-
tional images were resliced to 2-mm isotropic resolu-
tion and were smoothed with a 5-mm Gaussian kernel
(full width at half maximum).

General linear modeling (GLM)
Each participant’s preprocessed time series was in-

cluded in a first-level GLM analysis in SPM12. This was
done by specifying the durations and onsets of each
shape, sad, and fearful face matching blocks, respec-
tively, to be convolved with a canonical hemodynamic re-
sponse function. Each condition was modeled separately,
with rest-fixation blocks forming the implicit baseline. A
high-pass filter (1/128 s) accounted for low-frequency
noise, while temporal autocorrelations were estimated
using a first-order autoregressive model. Primary contrast
images were estimated to examine responses to fearful
(fearful faces . shapes) and sad faces (sad faces .
shapes), as well as overall responses to these faces (sad
and fearful faces . shapes), and were carried forward to
the group-level using the summary statistics approach to
random-effects analyses. At the group-level, single sam-
ple t tests were conducted, which were thresholded with
a whole-brain, family-wise error rate (FWE) corrected
threshold of p, 0.05, KE � 30 voxels.

DCM
Overview
DCM uses a set of differential equations and generative

models to estimate interactions between neural popula-
tions from neuroimaging data (Friston et al., 2003; Friston
and Penny, 2011). In contrast to functional connectivity
measures which assess the statistical dependencies be-
tween different regions, this effective connectivity models
the influence that one region exerts over another (for a de-
tailed comparison of these methods, see Friston, 2011).
DCM shows both how these connections behave intrinsi-
cally (invariant connectivity in the absence of task modu-
lation) and because of the modulation induced by
experimental stimuli. This is conducted by specifying
and estimating the parameters for hypothetical models
of neural interactions, then comparing the relative evi-
dence of these models through Bayesian model com-
parison (Zeidman et al., 2019). These connectivity
parameters can be either positive or negative, thus re-
vealing that an increase in one region results in an in-
crease or decrease, respectively, in another region.

Time-series extraction
Constructing a candidate model space relies on ex-

tracting summaries of time series from different brain re-
gions at an individual subject level. Our chosen volumes
of interest (VOIs) were informed by anatomic network
models of emotional face processing (Fairhall and Ishai,

2007; Palermo and Rhodes, 2007; Dima et al., 2011) and
included the OFA, FFA, amygdala, dlPFC, and vmPFC (for
group-level coordinates, see Table 1). The specified coor-
dinates for each region were informed by the group-level
GLM results and were restricted to the right hemisphere
to allow for the exclusion of fewer participants because of
inadequate activation. While both the left and right hemi-
spheres were activated during this task, greater activity
has previously been observed in the right hemisphere for
this task (Hariri et al., 2002), including more consistent
right-sided activity at an individual subject level during the
processing affective facial stimuli (Fairhall and Ishai,
2007). The OFA, FFA, amygdala, and dlPFC were defined
by the sad and fearful faces . shapes contrast, while the
vmPFC was defined by the inverse of this contrast
(Harrison et al., 2011). For each participant, the center co-
ordinates of these VOIs were dependent on their subject-
specific local maxima of these regions; these were re-
quired to be within 8 mm from the group-level peak (for
the resulting distribution of individual coordinates, see
Fig. 1). The time series for each VOI was adjusted using
an F-contrast, thereby mean-correcting these values. As
per recently published guidelines, we extracted the princi-
pal eigenvariate for each of these regions, calculated
using all voxels (at a threshold of p, 0.05, uncorrected)
within a sphere with a radius of 4 mm from the VOI’s cen-
ter (Zeidman et al., 2019). If individuals had inadequate
activation of all VOIs this threshold was lowered further,
up to a threshold of p, 0.5. As a result, of the 92 partici-
pants that underwent analysis, three participants were ex-
cluded because of inadequate regional activity.

Model specification
The candidate model space was specified using

DCM12.5. The intrinsic connectivity was defined with bi-
directional connections between the FFA and OFA, amyg-
dala, dlPFC and vmPFC, between the amygdala and OFA,
dlPFC and vmPFC, and between the dlPFC and vmPFC
(Fig. 2). This configuration was informed by previous stud-
ies investigating the interaction between these regions
(Dima et al., 2011; Herrington et al., 2011; Willinger et al.,
2019). Notably, while there are minimal direct anatomic
connections from the amygdala to dlPFC, this interac-
tion was modeled to account for indirect connections
through intermediating regions (Ray and Zald, 2012).
Direct external input into the network was modeled
using both the effect of all stimuli (shape 1 fearful 1
sad) into the OFA and overall negative facial expression
(fearful1 sad) into amygdala, or input into these regions
separately (Diwadkar et al., 2012; Vai et al., 2016). As in
previous studies, the amygdala was included as an
input region because of the direct influence of the sub-
cortical visual pathway on this area, which is particu-
larly important in fearful expression processing (Phelps
and LeDoux, 2005; McFadyen et al., 2019). The input
matrix was not mean centered, and as such, the intrin-
sic connectivity represents unmodeled implicit baseline
(Zeidman et al., 2019). Modulation to these intrinsic
connections because of shape matching was specified
for all connections to establish an active baseline for
comparison with the emotional face modulations.
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Figure 1. Distribution of the center coordinates of the VOIs for each subject. Render visualized using BrainNet Viewer (Xia et al.,
2013). OFA = occipital face area; FFA = fusiform face area; dlPFC = dorsolateral prefrontal cortex; vmPFC = ventromedial prefrontal
cortex.

Table 1: Significant activation and deactivation associated with face processing

Brain region BA
Coordinates

Cluster size (2-mm3 voxels) t valuex y z
Faces . shapes

Inferior occipital gyrus (OFA) 19 28 �92 �8 14854 21.70
�22 �98 �2 20.44

Fusiform gyrus (FFA) 37 40 �60 �18 19.70
�38 �54 �20 15.89

Superior temporal sulcus 39/37/22 50 �46 12 8.15
Dorsal midbrain NA 24 �32 �2 4653 19.93

�20 �34 �2 13.78
8 �34 �2 16.07

�8 �34 �4 11.65
Amygdala 53 20 �6 �16 15.67

�18 �8 �16 11.36
Thalamus 50 8 �14 8 12.14

�8 �16 8 8.92
Inferior frontal gyrus 44 42 8 30 2443 13.46
Middle frontal gyrus (dlPFC) 9 50 26 20 12.60
Supplementary motor cortex 6 40 0 48 8.54
Frontal eye fields 8 2 14 46 810 12.50
Inferior frontal gyrus 44 �38 8 26 1959 11.99
Middle frontal gyrus 9 �46 14 24 11.74
Supplementary motor cortex 6 �40 0 42 9.07
Midcingulate 24 6 2 26 63 9.55
Precuneus 31 4 �60 32 697 9.47

0 �58 40 9.31
Anterior insular 13 �32 22 �4 435 9.47

38 22 �4 208 8.35
Shapes . faces

Inferior parietal lobule 40 �56 �32 28 550 8.99
58 �30 26 732 7.54

Superior visual association cortex 18 16 �86 20 77 8.45
�16 �86 26 71 7.12

Dorsal posterior cingulate cortex 31 �6 �28 42 540 7.80
8 �30 44 7.00

Ventral posterior cingulate cortex 23 �12 �58 14 103 7.82
Lingual gyrus 19 �28 �46 �10 122 7.42

28 �46 �8 116 7.78
Ventromedial prefrontal cortex (vmPFC) 32 2 48 �4 238 6.21
Inferior parietal cortex 7 18 �50 56 34 5.73
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Modulations because of fearful or sad facial expression
processing, were specified as 15 unique modulation
models for each modulation type (see Fig. 3). The com-
bination of modulation and input types resulted in a
total of 675 candidate models for each subject (e.g.,
15� 15 � 3), which were grouped into three families of
225 models dependent on the direct input (OFA and
amygdala, only OFA, or only amygdala). Model 1 con-
sisted of bidirectional modulation between all VOIs,
while models 2, 3, and 4 removed the modulations be-
tween the vmPFC and dlPFC, FFA and dlPFC, and FFA
and vmPFC, respectively. Model 5 removed all three
sets of these modulations. As the existing literature has
demonstrated strong evidence for modulation from the
core face processing regions to the amygdala and from
the amygdala to prefrontal regions (Dima et al., 2011;
Herrington et al., 2011; Diwadkar et al., 2012; Vai et al.,
2016; Willinger et al., 2019), these models represented
alterative interactions which may also contribute to ex-
plaining the data. Models 6�10 were feedforward alone
versions of models 1�5, while model 11 was a null

model with no modulation. Finally, models 12–15 were
deviations of models 2–5; however, rather than remov-
ing these connections, they were feedforward only.

Estimation and inference
We estimated the full model for each participant then

deployed Bayesian model reduction for subsequent
nested models, thus reducing the computational de-
mands of our large candidate model space (Friston et al.,
2003, 2016). We used random-effects Bayesian model
selection (RFX BMS), thus allowing for different subjects’
data being optimally explained by different model struc-
tures (Stephan et al., 2010). Moreover, Bayesian model
averaging (BMA) was used to overcome potential uncer-
tainty concerning model structure (Penny et al., 2010).
BMA averages the strength of parameters across different
models while weighting these parameters by the posterior
probability of their respective models. We then extracted
each subjects’ parameter estimates for all intrinsic, modu-
latory and direct input parameters. The statistical signifi-
cance of these parameters was determined by one-

Figure 2. Model of intrinsic connections (black) and extrinsic input (gray) specified in our DCM analysis. Render visualized using
BrainNet Viewer (Xia et al., 2013). OFA = occipital face area; FFA = fusiform face area; dlPFC = dorsolateral prefrontal cortex;
vmPFC = ventromedial prefrontal cortex.

Figure 3. Candidate model space detailing which connections are modulated in each model.
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sample t tests in SPSS version 24 (IBMCorp.), which were
then false discovery rate corrected for multiple compari-
sons (Benjamini and Hochberg, 1995). Differences be-
tween connectivity strengths were compared through the
use of repeated measures ANOVAs. Associations be-
tween sad and fearful associated connectivity were as-
sessed through Pearson correlations.

Correlations between connectivity, behavior, and
demographic measures
We further conducted Pearson and Spearman correla-

tions, dependent on variable distributions, between the
total connectivity of parameters of interest (amygdala to
dlPFC, dlPFC to vmPFC and vmPFC to amygdala) and
age, accuracy and the RT to the fearful and sad face
matching conditions (correct responses only).

Results
Behavioral results
Participants’ mean RTs were found to be significantly

different between each of the condition types (repeated
measures ANOVA: F(1.34,122.2) = 669.38, p,0.001). Post
hoc testing demonstrated significantly faster RTs for the
shape matching condition compared with both the sad
and fearful conditions (both p,0.001), and a significantly
faster RT for sad compared with fearful (t(91) = �2.78,
p=0.02; see Table 2). Similarly, response accuracy was
significantly different between conditions (Friedman test:
x2(2) = 38.79, p, 0.001). Post hoc testing demonstrated
significantly lower accuracy in responses to sad faces
versus both shapes and fearful faces (Wilcoxon signed-
rank tests: both p, 0.001, also see Table 2).

Mapping brain activation and deactivation responses
to sad and fearful faces
As depicted in Figure 4A,B, both the sad and fearful

face processing conditions were associated with signifi-
cant activation of the face processing network, including
the inferior occipital gyri, fusiform gyrus, superior tempo-
ral sulcus, amygdala, dorsal midbrain, middle frontal
gyrus, supplementary motor area, and dorsomedial thala-
mus. Regions of significant deactivation included the
vmPFC, dorsal posterior cingulate and posterior parahip-
pocampal cortices. Figure 4C depicts the overall results

of emotional face versus shape processing. A full list of all
significant regions for this contrast are depicted in Table 1.
When directly comparing the two face conditions, no

significant differences were observed for either the mag-
nitude of activation or deactivation (pFWE , 0.05). When
adopting a more lenient threshold (p,0.001, uncor-
rected) and using a pFWE , 0.05 cluster-wise correction,
greater activation of the inferior occipital gyri, fusiform
gyrus, superior temporal sulcus, middle frontal gyrus, dor-
sal midbrain, and thalamus were observed in response to
fearful faces compared with sad faces (Fig. 4D). All re-
gions with significant differences in activity between the
two face conditions are depicted in Table 3.

DCM results
To assess the successfulness of model inversion we ex-

amined the percentage variance explained using the
spm_dcm_fmri_check function. This revealed an average
explained variance of 55% (SD 15%) across all subjects,
suggesting that the data contains useful information relat-
ing to our experimental effects (Zeidman et al., 2019). To
determine whether the data were better explained by di-
rect inputs (the effect of all faces) entering the system at
either the OFA, amygdala or both regions, three families
compared these families of models using RFX BMS. This
revealed that models with direct inputs into both the OFA
and amygdala outperformed both of these inputs individ-
ually (expected posterior probability: 0.77, exceedance
probability: 1.00). Within this family, model 5 was deter-
mined to be the model with the most evidence or “winning
model” (expected posterior probability: 0.18, exceedance
probability: 0.40). This model indicated that the main influ-
ence of both fearful and sad face processing was on bidir-
ectional connections between the OFA and FFA and
between the amygdala and vmPFC, FFA, and dlPFC.
After applying BMA over all models within the family win-
ning model (direct input to OFA and amygdala), the path-
way detailed in model 5 had been largely been conserved,
with the addition of the forward only parameters detailed
in model 15 (Fig. 5). Significant intrinsic and modulatory
connections are reported in Table 4.

Differences between the connections
The coupling of parameters (regions) in DCM is meas-

ured in Hertz and represents the rates of change in activity

Table 2: Participants’ behavioral responses for the shape matching and two gender matching conditions

Condition Mean (SD)
Mean difference (SD)

With sad With fearful
Shape matching

RT (s) 0.77 (0.17) 0.50 (0.2)** 0.52 (0.2)**
% of correct response 97.66 (3.3) 2.1 (4) 0.12 (34)

Gender matching: sad facial expression
RT (s) 1.27 (0.22) - 0.02 (0.08)
% of correct response 95.53(3.0) - 2.2 (3.4)**

Gender matching: fearful facial expression
RT (s) 1.29 (0.22) - -
% of correct response 97.75 (2.3) - -

* Significant at p, 0.05, ** significant at p,0.001.
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between regions. To determine the overall connectivity
between these regions the additive effects of the intrinsic
and modulatory parameters for each of these connections
were used in these analyses.
Participants’ connectivity between the amygdala and

dlPFC were found to be significantly different between the
condition types (repeated measures ANOVA: F(1.71,150.39)=
37.86, p,0.001). Post hoc testing revealed that compared
with the shape related connectivity, both sad and fearful ex-
pression processing were significantly greater by an average

of 0.42 and 0.58Hz, respectively (both p, 0.001). The con-
nectivity from the amygdala to dlPFC was also significantly
greater during fearful compared with sad expression proces-
sion, by an average of 0.16Hz (p=0.004). Therefore, during
fearful compared with sad face processing, increased amyg-
dala activity resulted in greater increases to dlPFC activity
(Fig. 6A). There was no difference in the connectivity types
from the dlPFC to vmPFC nor from the vmPFC to amygdala
(repeated measures ANOVA: F(2,176)=2.22, p=0.11, and
F(1.72,151.15)=1.40, p=0.25; Fig. 6B,C). Interestingly, while sad

Table 3: Significant differences in the activations associated processing fearful and sad facial expressions

Brain region BA
Coordinates

Cluster size (2-mm3 voxels) t valuex y z
Fear . sad

Superior temporal sulcus 39/37/22 56 �48 12 829 5.21
Inferior occipital/ fusiform gyrus 19/37 �32 �74 �22 898 5.15

38 �70 �12 579 4.55
Dorsal midbrain/thalamus 36/50 8 �36 0 663 4.91
Middle frontal gyrus (dlPFC) 44 54 18 22 1105 4.70
Superior frontal gyrus 8 �8 32 44 262 4.42

4 18 70 167 3.05
Lateral precuneus 7 28 �70 32 159 4.39
Superior parietal lobule 39 �50 �62 28 235 4.38

Figure 4. Brain activation (warm) and deactivation (cool) during the emotional face and shape matching conditions. A, Sad faces .
shapes. B, Fearful faces . shapes. C, Both faces . shapes (pFWE , 0.05). Also shown is the comparison of fearful and sad face
matching conditions (D). Greater activations for fearful compared with sad faces shown in warm (p, 0.001, uncorrected; cluster-
wise correction, pFWE , 0.05). No significant deactivation for sad faces compared with fearful were observed.
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and fearful associated connectivity from the amygdala to
dlPFC and from the dlPFC to vmPFCwere significantly corre-
lated with one another (r=0.65, p,0.001 and r=0.42,
p, 0.001, respectively), this was not so for vmPFC to amyg-
dala connectivity (r=0.20, p=0.06).

Brain and behavioral relationships
Correlations between connectivity parameters of in-

terest and participants’ RT, accuracy and age are
found in Table 5. No significant associations between

connectivity parameters and these measures were
found.

Discussion
This study has examined the effective connectivity of

the face processing network in response to negatively va-
lenced emotional faces, in a large sample of adolescents
and young adults. We found evidence to support our first
hypothesis, as there was significant positive connectivity
from the amygdala to dlPFC under both sad and fearful

Table 4: Mean and SD of each parameter estimate for the intrinsic connectivity and their shape, sad, and fearful associated
modulations

Connection
Intrinsic connectivity Shape modulation Sad modulation Fearful modulation
Mean (SD) Mean (SD) Mean (SD) Mean (SD)

OFA!FFA 0.01 (0.20) �0.04 (0.44) 0.50 (0.43)** 0.50 (0.43)**
OFA!amygdala �0.05 (0.14)* 0.15 (0.33)** �0.17 (0.46)* �0.16 (0.36)**
FFA!OFA �0.37 (0.34)** 0.00 (0.61) �0.22 (0.64)* �0.17 (0.65)*
FFA!amygdala �0.03 (0.14)* 0.03 (0.28) �0.28 (0.42)** �0.36 (0.50)**
FFA!dlPFC �0.09 (0.24)* 0.07 (0.40) 0.26 (0.29)** 0.25 (0.31)**
FFA!vmPFC 0.01 (0.15) �0.06 (0.34) 0.12 (0.27)** 0.09 (0.22)*
Amygdala!OFA 0.00 (0.30) �0.14 (0.54) 0.45 (0.75)** 0.23 (0.70)*
Amygdala!FFA 0.17 (0.16)** 0.14 (0.28)** 0.50 (0.60)** 0.45 (0.64)**
Amygdala!dlPFC 0.14 (0.18)** 0.16 (0.41)* 0.58 (0.52)** 0.73 (0.58)**
Amygdala!vmPFC �0.01 (0.18) �0.08 (0.36) 0.09 (0.48) 0.05 (0.55)
dlPFC!FFA �0.06 (0.18)* 0.04 (0.29) �0.13 (0.34)* �0.07 (0.31)*
dlPFC!amygdala 0.02 (0.14) 0.02 (0.21) 0.03 (0.51) �0.05 (0.41)
dlPFC!vmPFC �0.01 (0.17) 0.01 (0.32) 0.03 (0.28) 0.10 (0.33)*
vmPFC!FFA �0.07 (0.17)** �0.04 (0.36) �0.04 (0.20) �0.06 (0.23)*
vmPFC!amygdala �0.03 (0.14) �0.04 (0.20) �0.08 (0.50) �0.14 (0.48)**
vmPFC!dlPFC �0.07 (0.19)* 0.00 (0.31) �0.01 (0.14) 0.01 (0.07)
Direct input
OFA - �0.11 (0.23)** 0.78 (0.60)** 80 (0.54)**
Amygdala - - 0.45 (0.38)** 0.55 (0.46)**

OFA = occipital face area; FFA = fusiform face area; dlPFC = dorsolateral prefrontal cortex; vmPFC = ventromedial prefrontal cortex.
* Significant at p, 0.05, ** significant at p,0.001.

Figure 5. The total connectivity (intrinsic 1 modulation) of the face processing network associated with sad and fearful facial ex-
pression processing. Positive connectivity shown in green, negative connectivity shown in red. OFA = occipital face area; FFA = fu-
siform face area; dlPFC = dorsolateral prefrontal cortex; vmPFC = ventromedial prefrontal cortex.
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face processing. Our second hypothesis was partially
supported, as significant negative connectivity from the
vmPFC to amygdala was only observed for fearful face
processing. Additionally, we found a significant differ-
ence between the fearful and sad associated connectiv-
ity from the amygdala to dlPFC. Overall, the pattern of
connectivity observed here is generally consistent with
previous investigations of implicit processing of nega-
tive expressions, particularly those findings concerning
the connectivity from the amygdala to dlPFC and
vmPFC to amygdala (Vai et al., 2015; Willinger et al.,
2019). While we did not observe the significant modula-
tion from the dlPFC to amygdala reported in the study
by Vai et al. (2015), this was likely because of their indi-
rect interaction via the vmPFC in our model.

Activity of the face processing network and behavioral
differences
Both of the emotional face processing conditions

evoked robust overlapping patterns of activation in the
core and extended face processing systems. Consistent
with previous studies, these regions comprised early vis-
ual processing areas including the inferior occipital and
fusiform gyri as well as the right superior temporal sulcus
(Kleinhans et al., 2011; Zhen et al., 2013). We also ob-
served common activation in the amygdala, supplemen-
tary motor cortex, and middle frontal gyrus, together with

deactivation of the vmPFC, posterior cingulate cortex and
inferior parietal lobule (Harrison et al., 2011). These find-
ings support a wealth of literature detailing the function-
al neuroanatomy of face processing (Haist and Anzures,
2017). In addition to this pattern of strong common ac-
tivity, we observed some evidence for altered activation
of core and extended regions under fearful compared
with sad face processing. This included increased acti-
vation of the inferior occipital gyri, fusiform gyri, right
superior temporal sulcus, and right middle frontal
gyrus. This increased activity has been suggested by
previous work to be because of the higher salience and at-
tention capturing nature of these fearful stimuli (Hedger et
al., 2015), which was further explored through our connec-
tivity analysis.

Connectivity from the amygdala to dlPFC and salience
detection
We observed significant positive connectivity from the

amygdala to dlPFC under all three conditions. Significantly
greater connectivity was observed for both the sad and fear-
ful expression processing conditions compared with the
shape matching condition. Additionally, we found evidence
for greater connectivity in response to processing fearful
compared with sad faces, which we interpret as resulting
from the greater salience and arousal-evoking nature of
fearful facial expressions (Adolphs, 2013).

Figure 6. Differences between shape matching, and sad and fearful face processing conditions in the average amount of connectiv-
ity from the amygdala to dlPFC (A), from the dlPFC to vmPFC (B), and from the vmPFC to amygdala (C). Error bars indicate 95% CI.
*Significant at p, 0.05, **significant at p, 0.001, ns: not significant.

Table 5: Correlations between total connectivity (intrinsic 1 modulatory) for parameters of interest and age, RT, and
accuracy

Connectivity Age Respective RT Respective % correct
Sad associated connectivity

Amygdala to dlPFC �0.12 �0.17 �0.06
dlPFC to vmPFC 0.04 �0.19 �0.14
vmPFC to amygdala 0.15 0.09 0.15

Fear associated connectivity
Amygdala to dlPFC �16 0.11 0.04
dlPFC to vmPFC �10 �0.12 0.00
vmPFC to amygdala 0.10 0.20 0.11

No correlations had a p,0.05.
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Throughout behavioral and neuroimaging work, emo-
tional stimuli have been reported to have greater salience
than neutral stimuli (Vuilleumier, 2005). Moreover, fearful
facial expressions have been reported to be both more in-
tense and attention capturing than sad expressions
(Langner et al., 2010; Hedger et al., 2015; Lin et al., 2016).
The ordinal nature of these effects, as well as the connectiv-
ity between the amygdala and dlPFC between conditions,
mirrors the arousal-driven amygdala response reported in
previous studies (Lin et al., 2020). Researchers have hy-
pothesized that features associated with fearful expres-
sions, such as increased widened eyes, may facilitate their
promotion to conscious perception (Hedger et al., 2015;
Barrett, 2018). As the amygdala has been shown to prefer-
entially respond to such features (Whalen et al., 2004), it is
likely that the increased influence of the amygdala on the
dlPFC represents a neural mechanism responsible for orien-
tating conscious attention to salient stimuli (Frank and
Sabatinelli, 2012). These findings and our own are consist-
ent with the threat processing model of LeDoux and Pine
(2016), which proposes that interactions between subcorti-
cal regions, including the amygdala, and the lateral prefron-
tal cortices are necessary to generate conscious labeling
and awareness of feelings. Further research will be neces-
sary to determine whether this effect can be seen for posi-
tively valenced facial expressions and how the interaction of
valence and arousal alters this modulation.
As the amygdala transmits minimal direct output to the

dlPFC, its capacity to influence dlPFC activity presumably
occurs through mediatory regions, including the anterior
cingulate, vmPFC and ventrolateral prefrontal cortices
(Bracht et al., 2009; Ray and Zald, 2012; Vossel et al.,
2014). Mechanistically, medial and lateral pathways from
the amygdala traverse the inferior thalamic peduncle (in-
teracting with the anterior cingulate cortex) and external
capsule, respectively, to interact with the dlPFC (Bracht et
al., 2009). Thus, the interaction between these regions is
expected to be more complex than framed within this
analysis. This may, in part, explain the lack of associations
between the amygdala to dlPFC connectivity and RT or
accuracy, as other regions associated with salience proc-
essing, including the anterior insula, cingulate, and cau-
date may also contribute to this process (Menon and
Uddin, 2010; Damiani et al., 2020).

The regulatory role of the vmPFC on the amygdala
during emotional face processing
Fearful face processing was associated with negative

connectivity from the vmPFC to amygdala, which is
broadly consistent with previous findings (Sladky et al.,
2015; Willinger et al., 2019). This supports other observa-
tions that processing these stimuli leads to a regulatory
effect on the amygdala (Braunstein et al., 2017). Notably,
however, there was no significant modulation during sad
face processing, nor a significant difference in this con-
nectivity between the fearful and either the shape or sad
conditions.
As previously stated the vmPFC is a component of the

default mode network and demonstrates consistent deac-
tivation during cognitively-demanding tasks (Raichle et

al., 2001). The magnitude of the vmPFC’s suppression is
generally considered to be a correlate of increased task
difficulty (Harrison et al., 2011). However, the observed in-
creased in positive modulation from the dlPFC to vmPFC
during the processing of fearful expressions would result
in less suppression of the vmPFC. This suggests that
there may be two opposing influences affecting vmPFC
activity: the evaluation of emotional stimuli and cognitive
difficulty of this process (Hiser and Koenigs, 2018;
Satpute and Lindquist, 2019). Conceptually, this is con-
sistent with recent models which have argued that the
vmPFC is important for integrating valence information
and contextual knowledge during attentional processes
to construct affective meaning (Roy et al., 2012; Winecoff
et al., 2013; Viviani, 2014; Winker et al., 2019). As such,
regions of the dorsal attentional network including the fron-
tal eye fields have been hypothesized to enable selection of
stimuli based on internal goals and drive vmPFC deactiva-
tion (Corbetta et al., 2008; Viviani, 2014). Conversely, ventral
attentional areas including the dlPFC detect salient, particu-
larly unattended, stimuli within the environment and result in
vmPFC activation (Corbetta et al., 2008; Viviani, 2014).
These effects are likely to contribute to the large heteroge-
neity and lack of correlation between fearful and sad associ-
ated connectivity from the vmPFC to amygdala, as the
amount of regulation that the vmPFC exhibits on the amyg-
dala may not directly reflect the features of the expressions
being processed, but individuals’ constructed affective in-
terpretations (Skerry and Saxe, 2015; Barrett, 2017; Satpute
and Lindquist, 2019). Further work will be necessary to
understand how the temporal dynamics between the dorsal
and ventral attentional areas alter vmPFC activity and its
regulatory influence over the amygdala.

Changes associated with the core face processing
system
The connectivity between regions of the core and ex-

tended systems appears to mostly reflect findings from
previous studies. While few studies have modeled ex-
pression associated modulation of connectivity in the
core system, those that have illustrate greater positive
modulation between the OFA and FFA during emotional
face processing (Fairhall and Ishai, 2007; Li et al., 2010;
Frässle et al., 2016). Unexpectedly, we observed a nega-
tive modulation between the FFA and amygdala. While
some implicit processing studies have reported negative
intrinsic connectivity, few have reported the modulation of
these connections (Vai et al., 2016; Willinger et al., 2019).
Studies investigating explicit facial expression processing
have observed a positive modulation of the connectivity
from the FFA to amygdala (Herrington et al., 2011).
Further research is required to clarify whether the type of
face processing task truly alters these connections.

Limitations
While this study contains strengths, including its large

sample size compared with previous investigations, it is
not without limitations. No neutral or positive valenced fa-
cial stimuli were used in this task. While this decision was
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made to maximize task efficiency, examining a wider
range of emotional expressions with varying levels of
arousal and valence would enhance our ability to disen-
tangle these functions. A contiguous acquisition scheme
would have been more advantageous for minimizing the
mixing of time series from slices that were acquired at dif-
ferent times and may have allowed for signal extraction
which more accurately reflected the underlying neural re-
sponses (Stephan et al., 2010) While beyond the scope of
our current model, both the anterior insular and cingulate
may have also been of interest because of their known in-
volvement in emotion processing. Though they were identi-
fied through GLM analysis, they demonstrated insufficient
individual activation to be extracted for DCM analysis.
In conclusion, this study expands on our understanding

of the functional dynamics implicated in emotional face
processing. Specifically, this research examined how in-
teractions between the amygdala, dlPFC, and vmPFC are
changed because of processing fearful and sad emotional
expressions. Notably, connections within this circuit ap-
pear to be greater overall for fearful face processing.
Although the connectivity from the amygdala to dlPFC
likely represents the processing of similar features in fear-
ful and sad faces, the connectivity from the vmPFC to
amygdala may be responding to a higher order conceptu-
alization of emotion. This work contributes toward build-
ing more refined models of the brain network dynamics
implicated in processing emotional expressions. In turn,
these models may inform the ongoing characterization of
emotional brain disorders, in which, impairments to emo-
tional face processing are common.

References

Adolphs R (2002) Recognizing emotion from facial expressions: psy-
chological and neurological mechanisms. Behav Cogn Neurosci
Rev 1:21–62.

Adolphs R (2008) Fear, faces, and the human amygdala. Curr Opin
Neurobiol 18:166–172.

Adolphs R (2013) The biology of fear. Curr Biol 23:R79–R93.
Banks SJ, Eddy KT, Angstadt M, Nathan PJ, Phan KL (2007)
Amygdala-frontal connectivity during emotion regulation. Soc
Cogn Affect Neurosci 2:303–312.

Barrett LF (2017) The theory of constructed emotion: an active infer-
ence account of interoception and categorization. Soc Cogn
Affect Neurosci 12:1–23.

Barrett LF (2018) Seeing fear: it’s all in the eyes? Trends Neurosci
41:559–563.

Benjamini Y, Hochberg Y (1995) Controlling the false discovery rate -
a practical and powerful approach to multiple testing. J R Stat Soc
B 57:289–300.

Blackford JU, Buckholtz JW, Avery SN, Zald DH (2010) A unique role
for the human amygdala in novelty detection. Neuroimage
50:1188–1193.

Bracht T, Tüscher O, Schnell S, Kreher B, Rüsch N, Glauche V, Lieb
K, Ebert D, Il’yasov KA, Hennig J, Weiller C, van Elst LT, Saur D
(2009) Extraction of prefronto-amygdalar pathways by combining
probability maps. Psychiatry Res 174:217–222.

Braunstein LM, Gross JJ, Ochsner KN (2017) Explicit and implicit
emotion regulation: a multi-level framework. Soc Cogn Affect
Neurosci 12:1545–1557.

Comte M, Schön D, Coull JT, Reynaud E, Khalfa S, Belzeaux R,
Ibrahim EC, Guedj E, Blin O, Weinberger DR, Fakra E (2016)
Dissociating bottom-up and top-down mechanisms in the cortico-

limbic system during emotion processing. Cereb Cortex 26:144–
155.

Corbetta M, Patel G, Shulman GL (2008) The reorienting system of
the human brain: from environment to theory of mind. Neuron
58:306–324.

Costafreda SG, Brammer MJ, David AS, Fu CH (2008) Predictors of
amygdala activation during the processing of emotional stimuli: a
meta-analysis of 385 PET and fMRI studies. Brain Res Rev 58:57–
70.

Damiani S, Tarchi L, Scalabrini A, Marini S, Provenzani U, Rocchetti
M, Oliva F, Politi P (2020) Beneath the surface: hyper-connectivity
between caudate and salience regions in ADHD fMRI at rest. Eur
Child Adoles Psychiatry. Advance online publication. Retrieved
May 8, 2020. doi: 10.1007/s00787-020-01545-0.

Dannlowski U, Ohrmann P, Konrad C, Domschke K, Bauer J, Kugel
H, Hohoff C, Schöning S, Kersting A, Baune BT, Mortensen LS,
Arolt V, Zwitserlood P, Deckert J, Heindel W, Suslow T (2009)
Reduced amygdala-prefrontal coupling in major depression: asso-
ciation with MAOA genotype and illness severity. Int J
Neuropsychopharmacol 12:11–22.

Dima D, Stephan KE, Roiser JP, Friston KJ, Frangou S (2011)
Effective connectivity during processing of facial affect: evidence
for multiple parallel pathways. J Neurosci 31:14378–14385.

Diwadkar VA, Wadehra S, Pruitt P, Keshavan MS, Rajan U, Zajac-
Benitez C, Eickhoff SB (2012) Disordered corticolimbic interac-
tions during affective processing in children and adolescents at
risk for schizophrenia revealed by functional magnetic resonance
imaging and dynamic causal modeling. Arch Gen Psychiatry
69:231–242.

Dolcos F, Kragel P, Wang LH, McCarthy G (2006) Role of the inferior
frontal cortex in coping with distracting emotions. Neuroreport
17:1591–1594.

Etkin A, Büchel C, Gross JJ (2015) The neural bases of emotion regu-
lation. Nat Rev Neurosci 16:693–700.

Fairhall SL, Ishai A (2007) Effective connectivity within the distributed
cortical network for face perception. Cereb Cortex 17:2400–2406.

First MB, Spitzer RL, Gibbon M, Williams JBW (1997) Structured clin-
ical interview for DSM-IV axis I disorders: clinician version. In:
SCID-CV. (Werner PD, Widiger TA, eds).

First MB, Spitzer RL, Gibbon M, Williams JBW (2002) Structured
Clinical Interview for DSM-IV-TR Axis I Disorders, Research
Version, Patient Edition. (SCID-I/P), New York, NY: Biometrics
Research, New York State Psychiatric Institute.

Frank DW, Sabatinelli D (2012) Stimulus-driven reorienting in the
ventral frontoparietal attention network: the role of emotional con-
tent. Front Hum Neurosci 6:116.

Frässle S, Paulus FM, Krach S, Schweinberger SR, Stephan KE,
Jansen A (2016) Mechanisms of hemispheric lateralization: asym-
metric interhemispheric recruitment in the face perception net-
work. Neuroimage 124:977–988.

Friston KJ (2011) Functional and effective connectivity: a review.
Brain Connect 1:13–36.

Friston K, Penny W (2011) Post hoc Bayesian model selection.
Neuroimage 56:2089–2099.

Friston KJ, Harrison L, Penny W (2003) Dynamic causal modelling.
Neuroimage 19:1273–1302.

Friston KJ, Litvak V, Oswal A, Razi A, Stephan KE, van Wijk BCM,
Ziegler G, Zeidman P (2016) Bayesian model reduction and empiri-
cal Bayes for group (DCM) studies. Neuroimage 128:413–431.

Frith C (2009) Role of facial expressions in social interactions. Philos
Trans R Soc Lond B Biol Sci 364:3453–3458.

Fusar-Poli P, Placentino A, Carletti F, Landi P, Allen P, Surguladze S,
Benedetti F, Abbamonte M, Gasparotti R, Barale F, Perez J,
McGuire P, Politi P (2009) Functional atlas of emotional faces
processing: a voxel-based meta-analysis of 105 functional mag-
netic resonance imaging studies. J Psychiatry Neurosci 34:418–
432.

Gschwind M, Pourtois G, Schwartz S, Van De Ville D, Vuilleumier P
(2012) White-matter connectivity between face-responsive regions
in the human brain. Cereb Cortex 22:1564–1576.

Research Article: New Research 12 of 14

March/April 2021, 8(2) ENEURO.0380-20.2021 eNeuro.org

http://dx.doi.org/10.1177/1534582302001001003
https://www.ncbi.nlm.nih.gov/pubmed/17715585
http://dx.doi.org/10.1016/j.conb.2008.06.006
https://www.ncbi.nlm.nih.gov/pubmed/18655833
http://dx.doi.org/10.1016/j.cub.2012.11.055
https://www.ncbi.nlm.nih.gov/pubmed/23347946
http://dx.doi.org/10.1093/scan/nsm029
https://www.ncbi.nlm.nih.gov/pubmed/18985136
http://dx.doi.org/10.1093/scan/nsw154
https://www.ncbi.nlm.nih.gov/pubmed/27798257
http://dx.doi.org/10.1016/j.tins.2018.06.009
https://www.ncbi.nlm.nih.gov/pubmed/30143181
http://dx.doi.org/10.1111/j.2517-6161.1995.tb02031.x
http://dx.doi.org/10.1016/j.neuroimage.2009.12.083
https://www.ncbi.nlm.nih.gov/pubmed/20045069
http://dx.doi.org/10.1016/j.pscychresns.2009.05.001
https://www.ncbi.nlm.nih.gov/pubmed/19910167
http://dx.doi.org/10.1093/scan/nsx096
https://www.ncbi.nlm.nih.gov/pubmed/28981910
http://dx.doi.org/10.1093/cercor/bhu185
https://www.ncbi.nlm.nih.gov/pubmed/25165065
http://dx.doi.org/10.1016/j.neuron.2008.04.017
https://www.ncbi.nlm.nih.gov/pubmed/18466742
http://dx.doi.org/10.1016/j.brainresrev.2007.10.012
https://www.ncbi.nlm.nih.gov/pubmed/18076995
https://doi.org/10.1007/s00787-020-01545-0
http://dx.doi.org/10.1017/S1461145708008973
https://www.ncbi.nlm.nih.gov/pubmed/18544183
http://dx.doi.org/10.1523/JNEUROSCI.2400-11.2011
https://www.ncbi.nlm.nih.gov/pubmed/21976523
http://dx.doi.org/10.1001/archgenpsychiatry.2011.1349
http://dx.doi.org/10.1097/01.wnr.0000236860.24081.be
https://www.ncbi.nlm.nih.gov/pubmed/17001274
http://dx.doi.org/10.1038/nrn4044
https://www.ncbi.nlm.nih.gov/pubmed/26481098
http://dx.doi.org/10.1093/cercor/bhl148
https://www.ncbi.nlm.nih.gov/pubmed/17190969
http://dx.doi.org/10.3389/fnhum.2012.00116
https://www.ncbi.nlm.nih.gov/pubmed/22557960
http://dx.doi.org/10.1016/j.neuroimage.2015.09.055
https://www.ncbi.nlm.nih.gov/pubmed/26439515
http://dx.doi.org/10.1089/brain.2011.0008
https://www.ncbi.nlm.nih.gov/pubmed/22432952
http://dx.doi.org/10.1016/j.neuroimage.2011.03.062
https://www.ncbi.nlm.nih.gov/pubmed/21459150
http://dx.doi.org/10.1016/S1053-8119(03)00202-7
http://dx.doi.org/10.1016/j.neuroimage.2015.11.015
https://www.ncbi.nlm.nih.gov/pubmed/26569570
http://dx.doi.org/10.1098/rstb.2009.0142
https://www.ncbi.nlm.nih.gov/pubmed/19884140
https://www.ncbi.nlm.nih.gov/pubmed/19949718
http://dx.doi.org/10.1093/cercor/bhr226
https://www.ncbi.nlm.nih.gov/pubmed/21893680


Haist F, Anzures G (2017) Functional development of the brain’s
face-processing system. Wiley Interdiscip Rev Cogn Sci 8:
10.1002/wcs.1423.

Haller SP, Kircanski K, Stoddard J, White LK, Chen G, Sharif-Askary
B, Zhang S, Towbin KE, Pine DS, Leibenluft E, Brotman MA (2018)
Reliability of neural activation and connectivity during implicit face
emotion processing in youth. Dev Cogn Neurosci 31:67–73.

Hariri AR, Bookheimer SY, Mazziotta JC (2000) Modulating emotion-
al responses: effects of a neocortical network on the limbic sys-
tem. Neuroreport 11:43–48.

Hariri AR, Tessitore A, Mattay VS, Fera F, Weinberger DR (2002) The
amygdala response to emotional stimuli: a comparison of faces
and scenes. Neuroimage 17:317–323.

Harrison BJ, Pujol J, López-Solà M, Hernández-Ribas R, Deus J,
Ortiz H, Soriano-Mas C, Yücel M, Pantelis C, Cardoner N (2008)
Consistency and functional specialization in the default mode
brain network. Proc Natl Acad Sci USA 105:9781–9786.

Harrison BJ, Pujol J, Contreras-Rodríguez O, Soriano-Mas C,
López-Solà M, Deus J, Ortiz H, Blanco-Hinojo L, Alonso P,
Hernández-Ribas R, Cardoner N, Menchón JM (2011) Task-in-
duced deactivation from rest extends beyond the default mode
brain network. PLoS One 6:e22964.

Hartley CA, Phelps EA (2010) Changing fear: the neurocircuitry of
emotion regulation. Neuropsychopharmacology 35:136–146.

Haxby JV, Hoffman EA, Gobbini MI (2000) The distributed human
neural system for face perception. Trends Cogn Sci 4:223–233.

Heberlein AS, Padon AA, Gillihan SJ, Farah MJ, Fellows LK (2008)
Ventromedial frontal lobe plays a critical role in facial emotion rec-
ognition. J Cogn Neurosci 20:721–733.

Hedger N, Adams WJ, Garner M (2015) Fearful faces have a sensory
advantage in the competition for awareness. J Exp Psychol Hum
Percept Perform 41:1748–1757.

Herrington JD, Taylor JM, Grupe DW, Curby KM, Schultz RT (2011)
Bidirectional communication between amygdala and fusiform
gyrus during facial recognition. Neuroimage 56:2348–2355.

Hiser J, Koenigs M (2018) The multifaceted role of the ventromedial
prefrontal cortex in emotion, decision making, social cognition,
and psychopathology. Biol Psychiatry 83:638–647.

Holm S (1979) A simple sequentially rejective multiple test proce-
dure. Scand J Stat 6:65–70.

Ishai A (2008) Let’s face it: it’s a cortical network. Neuroimage
40:415–419.

Jacob H, Brück C, Domin M, Lotze M, Wildgruber D (2014) I can’t
keep your face and voice out of my head: neural correlates of an
attentional bias toward nonverbal emotional cues. Cereb Cortex
24:1460–1473.

Jiedong Z, Xiaobai L, Yiying S, Jia L (2012) The fusiform face area is
engaged in holistic, not parts-based, representation of faces.
PLoS One 7:e40390.

Johnstone T, Walsh KSO, Greischar LL, Alexander AL, Fox AS,
Davidson RJ, Oakes TR (2006) Motion correction and the use of
motion covariates in multiple-subject fMRI analysis. Hum Brain
Mapp 27:779–788.

Kleinhans NM, Richards T, Johnson LC, Weaver KE, Greenson J,
Dawson G, Aylward E (2011) fMRI evidence of neural abnormalities
in the subcortical face processing system in ASD. Neuroimage
54:697–704.

Kuniecki M, Wołoszyn K, Domagalik A, Pilarczyk J (2018)
Disentangling brain activity related to the processing of emotional
visual information and emotional arousal. Brain Struct Funct
223:1589–1597.

Langner O, Dotsch R, Bijlstra G, Wigboldus DHJ, Hawk ST, van
Knippenberg A (2010) Presentation and validation of the Radboud
Faces Database. Cogn Emot 24:1377–1388.

LeDoux JE, Pine DS (2016) Using neuroscience to help understand
fear and anxiety: a two-system framework. Am J Psychiatry
173:1083–1093.

Li J, Liu JG, Liang JM, Zhang HC, Zhao JZ, Rieth CA, Huber DE, Li
W, Shi GM, Ai L, Tian J, Lee K (2010) Effective connectivities of

cortical regions for top-down face processing: a dynamic causal
modeling study. Brain Res 1340:40–51.

Lin H, Mueller-Bardorff M, Mothes-Lasch M, Buff C, Brinkmann L,
Miltner WH, Straube T (2016) Effects of intensity of facial expres-
sions on amygdalar activation independently of valence. Front
Hum Neurosci 10:646.

Lin H, Müller-Bardorff M, Gathmann B, Brieke J, Mothes-Lasch M,
Bruchmann M, Miltner WHR, Straube T (2020) Stimulus arousal
drives amygdalar responses to emotional expressions across sen-
sory modalities. Sci Rep 10:1898.

Liu J, Harris A, Kanwisher N (2010) Perception of face parts and face
configurations: an FMRI study. J Cogn Neurosci 22:203–211.

McFadyen J, Mattingley JB, Garrido MI (2019) An afferent white mat-
ter pathway from the pulvinar to the amygdala facilitates fear rec-
ognition. Elife 8:e40766.

Menon V, Uddin LQ (2010) Saliency, switching, attention and control:
a network model of insula function. Brain Struct Funct 214:655–
667.

Milad MR, Quirk GJ (2012) Fear extinction as a model for translation-
al neuroscience: ten years of progress. Annu Rev Psychol 63:129–
151.

Motzkin JC, Philippi CL, Wolf RC, Baskaya MK, Koenigs M (2015)
Ventromedial prefrontal cortex is critical for the regulation of
amygdala activity in humans. Biol Psychiatry 77:276–284.

Nemani AK, Atkinson IC, Thulborn KR (2009) Investigating the con-
sistency of brain activation using individual trial analysis of high-re-
solution fMRI in the human primary visual cortex. Neuroimage
47:1417–1424.

Palazidou E (2012) The neurobiology of depression. Br Med Bull
101:127–145.

Palermo R, Rhodes G (2007) Are you always on my mind? A review
of how face perception and attention interact. Neuropsychologia
45:75–92.

Penny WD, Stephan KE, Daunizeau J, Rosa MJ, Friston KJ,
Schofield TM, Leff AP (2010) Comparing families of dynamic
causal models. PLoS Comput Biol 6:e1000709.

Phelps EA, LeDoux JE (2005) Contributions of the amygdala to emo-
tion processing: from animal models to human behavior. Neuron
48:175–187.

Phillips ML, Drevets WC, Rauch SL, Lane R (2003) Neurobiology of
emotion perception I: the neural basis of normal emotion percep-
tion. Biol Psychiatry 54:504–514.

Raichle ME, MacLeod AM, Snyder AZ, Powers WJ, Gusnard DA,
Shulman GL (2001) A default mode of brain function. Proc Natl
Acad Sci USA 98:676–682.

Ray RD, Zald DH (2012) Anatomical insights into the interaction of
emotion and cognition in the prefrontal cortex. Neurosci Biobehav
Rev 36:479–501.

Roy M, Shohamy D, Wager TD (2012) Ventromedial prefrontal-sub-
cortical systems and the generation of affective meaning. Trends
Cogn Sci 16:147–156.

Satpute AB, Lindquist KA (2019) The default mode network’s role in
discrete emotion. Trends Cogn Sci 23:851–864.

Skerry AE, Saxe R (2015) Neural representations of emotion are or-
ganized around abstract event features. Curr Biol 25:1945–1954.

Sladky R, Höflich A, Küblböck M, Kraus C, Baldinger P, Moser E,
Lanzenberger R, Windischberger C (2015) Disrupted effective con-
nectivity between the amygdala and orbitofrontal cortex in social
anxiety disorder during emotion discrimination revealed by dy-
namic causal modeling for fMRI. Cereb Cortex 25:895–903.

Sreenivas S, Boehm SG, Linden DE (2012) Emotional faces and the
default mode network. Neurosci Lett 506:229–234.

Sridharan D, Levitin DJ, Menon V (2008) A critical role for the right
fronto-insular cortex in switching between central-executive and
default-mode networks. Proc Natl Acad Sci USA 105:12569–
12574.

Stephan KE, Penny WD, Moran RJ, den Ouden HE, Daunizeau J,
Friston KJ (2010) Ten simple rules for dynamic causal modeling.
Neuroimage 49:3099–3109.

Research Article: New Research 13 of 14

March/April 2021, 8(2) ENEURO.0380-20.2021 eNeuro.org

http://dx.doi.org/10.1016/j.dcn.2018.03.010
https://www.ncbi.nlm.nih.gov/pubmed/29753993
http://dx.doi.org/10.1097/00001756-200001170-00009
https://www.ncbi.nlm.nih.gov/pubmed/10683827
http://dx.doi.org/10.1006/nimg.2002.1179
https://www.ncbi.nlm.nih.gov/pubmed/12482086
http://dx.doi.org/10.1073/pnas.0711791105
https://www.ncbi.nlm.nih.gov/pubmed/18621692
http://dx.doi.org/10.1371/journal.pone.0022964
https://www.ncbi.nlm.nih.gov/pubmed/21829564
http://dx.doi.org/10.1038/npp.2009.121
https://www.ncbi.nlm.nih.gov/pubmed/19710632
http://dx.doi.org/10.1016/s1364-6613(00)01482-0
https://www.ncbi.nlm.nih.gov/pubmed/10827445
http://dx.doi.org/10.1162/jocn.2008.20049
https://www.ncbi.nlm.nih.gov/pubmed/18052791
http://dx.doi.org/10.1037/xhp0000127
https://www.ncbi.nlm.nih.gov/pubmed/26280260
http://dx.doi.org/10.1016/j.neuroimage.2011.03.072
https://www.ncbi.nlm.nih.gov/pubmed/21497657
http://dx.doi.org/10.1016/j.biopsych.2017.10.030
https://www.ncbi.nlm.nih.gov/pubmed/29275839
http://dx.doi.org/10.1016/j.neuroimage.2007.10.040
http://dx.doi.org/10.1093/cercor/bhs417
https://www.ncbi.nlm.nih.gov/pubmed/23382516
http://dx.doi.org/10.1371/journal.pone.0040390
http://dx.doi.org/10.1002/hbm.20219
https://www.ncbi.nlm.nih.gov/pubmed/16456818
http://dx.doi.org/10.1016/j.neuroimage.2010.07.037
https://www.ncbi.nlm.nih.gov/pubmed/20656041
http://dx.doi.org/10.1007/s00429-017-1576-y
https://www.ncbi.nlm.nih.gov/pubmed/29181589
http://dx.doi.org/10.1080/02699930903485076
http://dx.doi.org/10.1176/appi.ajp.2016.16030353
https://www.ncbi.nlm.nih.gov/pubmed/27609244
http://dx.doi.org/10.1016/j.brainres.2010.04.044
https://www.ncbi.nlm.nih.gov/pubmed/20423709
http://dx.doi.org/10.3389/fnhum.2016.00646
https://www.ncbi.nlm.nih.gov/pubmed/28066216
http://dx.doi.org/10.1038/s41598-020-58839-1
http://dx.doi.org/10.1162/jocn.2009.21203
https://www.ncbi.nlm.nih.gov/pubmed/19302006
http://dx.doi.org/10.7554/eLife.40766
http://dx.doi.org/10.1007/s00429-010-0262-0
https://www.ncbi.nlm.nih.gov/pubmed/20512370
http://dx.doi.org/10.1146/annurev.psych.121208.131631
https://www.ncbi.nlm.nih.gov/pubmed/22129456
http://dx.doi.org/10.1016/j.biopsych.2014.02.014
https://www.ncbi.nlm.nih.gov/pubmed/24673881
http://dx.doi.org/10.1016/j.neuroimage.2009.05.018
https://www.ncbi.nlm.nih.gov/pubmed/19446644
http://dx.doi.org/10.1093/bmb/lds004
https://www.ncbi.nlm.nih.gov/pubmed/22334281
http://dx.doi.org/10.1016/j.neuropsychologia.2006.04.025
https://www.ncbi.nlm.nih.gov/pubmed/16797607
http://dx.doi.org/10.1371/journal.pcbi.1000709
https://www.ncbi.nlm.nih.gov/pubmed/20300649
http://dx.doi.org/10.1016/j.neuron.2005.09.025
https://www.ncbi.nlm.nih.gov/pubmed/16242399
http://dx.doi.org/10.1016/s0006-3223(03)00168-9
https://www.ncbi.nlm.nih.gov/pubmed/12946879
http://dx.doi.org/10.1073/pnas.98.2.676
https://www.ncbi.nlm.nih.gov/pubmed/11209064
http://dx.doi.org/10.1016/j.neubiorev.2011.08.005
https://www.ncbi.nlm.nih.gov/pubmed/21889953
http://dx.doi.org/10.1016/j.tics.2012.01.005
https://www.ncbi.nlm.nih.gov/pubmed/22310704
http://dx.doi.org/10.1016/j.tics.2019.07.003
https://www.ncbi.nlm.nih.gov/pubmed/31427147
http://dx.doi.org/10.1016/j.cub.2015.06.009
https://www.ncbi.nlm.nih.gov/pubmed/26212878
http://dx.doi.org/10.1093/cercor/bht279
https://www.ncbi.nlm.nih.gov/pubmed/24108802
http://dx.doi.org/10.1016/j.neulet.2011.11.012
https://www.ncbi.nlm.nih.gov/pubmed/22108504
http://dx.doi.org/10.1073/pnas.0800005105
https://www.ncbi.nlm.nih.gov/pubmed/18723676
http://dx.doi.org/10.1016/j.neuroimage.2009.11.015
https://www.ncbi.nlm.nih.gov/pubmed/19914382


Todorov A (2012) The role of the amygdala in face perception and
evaluation. Motiv Emot 36:16–26.

Uddin LQ, Kelly AM, Biswal BB, Castellanos FX, Milham MP (2009)
Functional connectivity of default mode network components: cor-
relation, anticorrelation, and causality. Hum Brain Mapp 30:625–
637.

Vai B, Sferrazza Papa G, Poletti S, Radaelli D, Donnici E, Bollettini I,
Falini A, Cavallaro R, Smeraldi E, Benedetti F (2015) Abnormal cor-
tico-limbic connectivity during emotional processing correlates
with symptom severity in schizophrenia. Eur Psychiatry 30:590–
597.

Vai B, Bulgarelli C, Godlewska BR, Cowen PJ, Benedetti F, Harmer
CJ (2016) Fronto-limbic effective connectivity as possible predic-
tor of antidepressant response to SSRI administration. Eur
Neuropsychopharmacol 26:2000–2010.

Vetter NC, Pilhatsch M, Weigelt S, Ripke S, Smolka MN (2015) Mid-
adolescent neurocognitive development of ignoring and attending
emotional stimuli. Dev Cogn Neurosci 14:23–31.

Viviani R (2014) Neural correlates of emotion regulation in the ventral
prefrontal cortex and the encoding of subjective value and eco-
nomic utility. Front Psychiatry 5:123.

Vossel S, Geng JJ, Fink GR (2014) Dorsal and ventral attention sys-
tems: distinct neural circuits but collaborative roles. Neuroscientist
20:150–159.

Vuilleumier P (2005) How brains beware: neural mechanisms of emo-
tional attention. Trends Cogn Sci 9:585–594.

Wechsler D (2001) Manual for the Wechsler test of adult reading
(WTAR). San Antonio: Psychological Corporation.

Whalen PJ, Kagan J, Cook RG, Davis FC, Kim H, Polis S, McLaren
DG, Somerville LH, McLean AA, Maxwell JS, Johnstone T (2004)
Human amygdala responsivity to masked fearful eye whites.
Science 306:2061.

Wilke M (2012) An alternative approach towards assessing and ac-
counting for individual motion in fMRI timeseries. Neuroimage
59:2062–2072.

Willinger D, Karipidis II, Beltrani S, Di Pietro SV, Sladky R, Walitza S,
Stämpfli P, Brem S (2019) Valence-dependent coupling of prefron-
tal-amygdala effective connectivity during facial affect processing.
eNeuro 6:ENEURO.0079-19.2019.

Winecoff A, Clithero JA, Carter RM, Bergman SR, Wang L, Huettel
SA (2013) Ventromedial prefrontal cortex encodes emotional
value. J Neurosci 33:11032–11039.

Winker C, Rehbein MA, Sabatinelli D, Dohn M, Maitzen J, Roesmann
K, Wolters CH, Arolt V, Junghoefer M (2019) Noninvasive stimula-
tion of the ventromedial prefrontal cortex indicates valence ambi-
guity in sad compared to happy and fearful face processing. Front
Behav Neurosci 13:83.

Xia M, Wang J, He Y (2013) BrainNet viewer: a network visualization
tool for human brain connectomics. PLoS One 8:e68910.

Yang M, Tsai SJ, Li CSR (2019) Concurrent amygdalar and ventro-
medial prefrontal cortical responses during emotion processing: a
meta-analysis of the effects of valence of emotion and passive ex-
posure versus active regulation. Brain Struct Funct 225:345–363.

Yuan J, Ju E, Meng X, Chen X, Zhu S, Yang J, Li H (2015) Enhanced
brain susceptibility to negative stimuli in adolescents: ERP eviden-
ces. Front Behav Neurosci 9:98.

Zeidman P, Jafarian A, Corbin N, Seghier ML, Razi A, Price CJ,
Friston KJ (2019) A guide to group effective connectivity analysis,
part 1: first level analysis with DCM for fMRI. Neuroimage
200:174–190.

Zhang S, Hu S, Chao HH, Ide JS, Luo X, Farr OM, Li CS (2014)
Ventromedial prefrontal cortex and the regulation of physiological
arousal. Soc Cogn Affect Neurosci 9:900–908.

Zhen Z, Fang H, Liu J (2013) The hierarchical brain network for face
recognition. PLoS One 8:e59886.

Research Article: New Research 14 of 14

March/April 2021, 8(2) ENEURO.0380-20.2021 eNeuro.org

http://dx.doi.org/10.1007/s11031-011-9238-5
https://www.ncbi.nlm.nih.gov/pubmed/22448077
http://dx.doi.org/10.1002/hbm.20531
https://www.ncbi.nlm.nih.gov/pubmed/18219617
http://dx.doi.org/10.1016/j.eurpsy.2015.01.002
https://www.ncbi.nlm.nih.gov/pubmed/25682180
http://dx.doi.org/10.1016/j.euroneuro.2016.09.640
https://www.ncbi.nlm.nih.gov/pubmed/27756525
http://dx.doi.org/10.1016/j.dcn.2015.05.001
https://www.ncbi.nlm.nih.gov/pubmed/26093849
http://dx.doi.org/10.3389/fpsyt.2014.00123
https://www.ncbi.nlm.nih.gov/pubmed/25309459
http://dx.doi.org/10.1177/1073858413494269
https://www.ncbi.nlm.nih.gov/pubmed/23835449
http://dx.doi.org/10.1016/j.tics.2005.10.011
https://www.ncbi.nlm.nih.gov/pubmed/16289871
http://dx.doi.org/10.1126/science.1103617
https://www.ncbi.nlm.nih.gov/pubmed/15604401
http://dx.doi.org/10.1016/j.neuroimage.2011.10.043
https://www.ncbi.nlm.nih.gov/pubmed/22036679
http://dx.doi.org/10.1523/ENEURO.0079-19.2019
http://dx.doi.org/10.1523/JNEUROSCI.4317-12.2013
https://www.ncbi.nlm.nih.gov/pubmed/23825408
http://dx.doi.org/10.3389/fnbeh.2019.00083
https://www.ncbi.nlm.nih.gov/pubmed/31156403
http://dx.doi.org/10.1371/journal.pone.0068910
https://www.ncbi.nlm.nih.gov/pubmed/23861951
http://dx.doi.org/10.3389/fnbeh.2015.00098
https://www.ncbi.nlm.nih.gov/pubmed/25972790
http://dx.doi.org/10.1093/scan/nst064
https://www.ncbi.nlm.nih.gov/pubmed/23620600
http://dx.doi.org/10.1371/journal.pone.0059886
https://www.ncbi.nlm.nih.gov/pubmed/23527282

	Differential Modulation of Effective Connectivity in the Brain’s Extended Face Processing System by Fearful and Sad Facial Expressions
	Introduction
	Materials and Methods
	Participants
	Experimental design
	Implicit emotional face matching task
	Image acquisition

	Image analysis
	Preprocessing
	General linear modeling (GLM)

	DCM
	Overview
	Time-series extraction
	Model specification
	Estimation and inference

	Correlations between connectivity, behavior, and demographic measures

	Results
	Behavioral results
	Mapping brain activation and deactivation responses to sad and fearful faces
	DCM results
	Differences between the connections
	Brain and behavioral relationships

	Discussion
	Activity of the face processing network and behavioral differences
	Connectivity from the amygdala to dlPFC and salience detection
	The regulatory role of the vmPFC on the amygdala during emotional face processing
	Changes associated with the core face processing system
	Limitations

	References


