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Abstract

Aberrant affective neural processing and negative emotional bias are trait-marks of

major depression disorders (MDDs). However, most research on biased emotional

perception in depression has only focused on unimodal experimental stimuli, the neu-

ral basis of potentially biased emotional processing of multimodal inputs remains

unclear. Here, we addressed this issue by implementing an audiovisual emotional task

during functional MRI scanning sessions with 37 patients with MDD and 37 gender-,

age- and education-matched healthy controls. Participants were asked to distinguish

laughing and crying sounds while being exposed to faces with different emotional

valences as background. We combined general linear model and psychophysiological

interaction analyses to identify abnormal local functional activity and integrative pro-

cesses during audiovisual emotional processing in MDD patients. At the local neural

level, MDD patients showed increased bias activity in the ventromedial prefrontal

cortex (vmPFC) while listening to negative auditory stimuli and concurrently

processing visual facial expressions, along with decreased dorsolateral prefrontal cor-

tex (dlPFC) activity in both the positive and negative visual facial conditions. At the

network level, MDD exhibited significantly decreased connectivity in areas involved

in automatic emotional processes and voluntary control systems during perception of

negative stimuli, including the vmPFC, dlPFC, insula, as well as the subcortical regions

of posterior cingulate cortex and striatum. These findings support a multimodal emo-

tion dysregulation hypothesis for MDD by demonstrating that negative bias effects

may be facilitated by the excessive ventral bottom-up negative emotional influences

along with incapability in dorsal prefrontal top-down control system.
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1 | INTRODUCTION

Major depression disorder (MDD) is one of the common psychiatric

disorders and is characterized by affective and cognitive impairments

(Gotlib & Joormann, 2010; Ochsner, Silvers, & Buhle, 2012). People

with MDD tend to predominantly experience negative events or

experiences, feeling which are additionally confirmed by biased inter-

pretations of themselves or their environments (Kube, Schwarting,

Rozenkrantz, Glombiewski, & Rief, 2020; Panchal, Kaltenboeck, &

Harmer, 2019). Cognitive models of depression posit that negatively

biased self-referent processing and selective attentional focus are

thought to lead to the development of symptoms of depression

(Beck, 1967; De Raedt & Koster, 2010). This systemic, negative cogni-

tive bias cuts across all levels of information processing, including

emotional reactivity, attention and memory (Beck &

Bredemeier, 2016). Moreover, the biological and cognitive vulnerabil-

ity of patients leads to sustained negative affect in depression, which

further reinforces the negative loop in turn (De Raedt & Koster, 2010;

Rief & Joormann, 2019). Research groups have recently been focusing

on the link between distorted cognitive prediction processes and cog-

nitive dysfunction in MDDs (Kube et al., 2020). They suggest that

patients with depression spend too much time focusing on negative

prior beliefs, which also continuously shapes perception negatively.

Although theoretical research on negative bias tendency of depressed

individuals has been a focus of study for several decades, the biologi-

cal mechanism still needs to be explored.

Neuroscientific evidence has consistently suggested that aberrant

bottom-up processing of emotional stimuli coupled with diminished

top-down executive control over limbic/affective neural circuitry con-

tribute to abnormal negative emotional processes in depression

(Disner, Beevers, Haigh, & Beck, 2011; Kube et al., 2020; Mennen,

Norman, & Turk-Browne, 2019; Stange et al., 2017; Woody &

Gibb, 2015). In the bottom-up pathway, emotional dysfunction that

originates subcortically in limbic regions impacts resource integration

of cognition and affective information in the prefrontal cortex (Fales

et al., 2008; Banich et al., 2009; Puryear et al., 2020). Increased activ-

ity in subcortical regions (i.e., the amygdala and putamen) has been

found during the processing of increasingly sad faces, suggesting an

overactivity of subcortical regions during negative events in MDD

patients (Surguladze et al., 2005). The increased amygdala reactivity

subsequently creates a strong signal that biases emotional stimuli

processing in higher cortical areas such as ventromedial prefrontal

cortex (vmPFC) and dorsolateral prefrontal cortex (dlPFC) (Fales

et al., 2008; Yang et al., 2010). In turn, as a key region associated with

cognitive control, the dlPFC has decreased control over amygdala

activity, resulting in difficulty disengaging from negative stimuli and

prolonged periods of negative affect (Kertz, Petersen, &

Stevens, 2019; Sanchez, Vazquez, Marker, LeMoult, &

Joormann, 2013). Additionally, abnormal functional integrity and inef-

ficient transfer of emotional information through the projection from

hippocampus to mPFC have been associated with bias learning and

negatively coded memory formation in patients with depression

(Goto & Grace, 2008; Kertz et al., 2019; Philippi et al., 2018; Puryear

et al., 2020). Although the neurobiological mechanism underlying neg-

ative bias effects in patients with depression has been widely

explored, previous MDD studies have mainly focused on unimodal

emotion processing. Emotional information and perception in natural

environments are rarely based on only one sensory modality

(De Gelder & Bertelson, 2003). In daily life, the emotional stimulation

of several sensory modalities often occurs simultaneously, and the

cross-modal emotional influences between different sensory channels

are thought to be strong (Van Rheenen & Rossell, 2014). This multi-

modal emotional integration is responsible for enriching perception,

compensating for conflicts in cross-modal sensation and facilitating

perceptual decoding in times of unimodal ambiguity (De Gelder &

Bertelson, 2003; Dolan, Morris, & De Gelder, 2001; Pourtois, Gelder,

Bol, & Crommelinck, 2005). Thus, whether previous findings from

unimodal emotional processing reflect the complex real-life-like emo-

tional deficits in depression needs to be further confirmed. It is impor-

tant to investigate potential deficits, particularly negative bias, during

multimodal emotional processing in patients with depression.

Extraction of emotional information is mostly based on auditory

and visual channel in real life (Müller et al., 2011). Previously, audiovi-

sual emotional processing was mainly studied in schizophrenia and

autistic disorder (Müller, Kellermann, Seligman, Turetsky, &

Eickhoff, 2014). But, more and more researchers have shown increas-

ing interest in the deficits in audiovisual emotion processing in major

depression (Beatteay & Wilbiks, 2020; Rong et al., 2021; Van

Rheenen & Rossell, 2014). At the neural level, initial multimodal emo-

tional research in depression has demonstrated that patients showed

inhibitory impairments in the right posterior superior temporal gyrus

and middle cingulate cortex impairments in the inhibition of auditory

stimuli presented with emotionally congruent facial expressions

(Müller, Cieslik, Kellermann, & Eickhoff, 2014). Subsequent neuroim-

aging research revealed that depressed patients showed specific

impairments the audiovisual integration of positive auditory stimuli

(Doose-Grünefeld, Eickhoff, & Müller, 2015). Further behavioral evi-

dence suggested that there is a general emotion processing impair-

ment in decoding dynamic emotional audio/video stimuli (Scibelli,

Troncone, Likforman-Sulem, Vinciarelli, & Esposito, 2016), and that

MDD symptoms have negative effects on audiovisual integration

capacity (Beatteay & Wilbiks, 2020). Recently, our group used

machine learning classification models to show that MDD patients

were engaged in complex functional network dysfunctions in the pre-

frontal cortex and limbic-subcortical areas, as well as in multisensory

regions that are involved in processing audiovisual emotional stimuli

(Rong et al., 2021). Despite this evidence for impairments during

audiovisual emotion integration in depression, the neural basis under-

lying cross-modal emotion processing remains unknown, as does the

question of whether a negative bias effect would be present when

processing audiovisual emotional stimuli in patients with MDD.

In this study, we aimed to examine the abnormal neural activation

and network connectivity patterns related to negative bias effects in

patients with MDD by employing an audiovisual emotional experi-

ment paradigm with functional MRI (fMRI). We hypothesized that

patients with MDD would have abnormal negative bias activation

1450 LI ET AL.



when confronting audiovisual emotional stimuli, and that the criti-

cal regions of this abnormal mechanism would likely be located in

emotional regulation networks. In particular, we expected to see a

wide imbalance between the bottom-up and top-down functional

circuits leading by these core regions. We tested our hypotheses by

analyzing local brain activation from MDD being exposed to audio-

visual stimuli that were either emotionally congruent or incongru-

ent. We used psychophysiological interactions (PPIs) analyses to

further examine the dysfunctional brain networks in MDD patients.

To our knowledge, this is the first study investigating the negative

bias effects in audiovisual emotional processing in MDD. These

results may provide new insights into the mechanism underlying

these effects in MDD.

2 | METHODS

2.1 | Participants

A total of 37 patients with major depression and 37 healthy volun-

teers (healthy control, HC) that were matched for gender, age, and

education were included in this study. All the participants were right-

handed Chinese native speakers who had normal or corrected-to-

normal vision and had no reported history of auditory disorders. All

participants met magnetic resonance scanning criteria. The study pro-

cedures were approved by the research ethics committee of the

School of Life Science and Technology at the University of Electronic

Science and Technology of China, and all participants provided writ-

ten informed assent. All participants were paid for taking part in the

experiment.

MDD participants were recruited from a mental health center in

Chengdu, Sichuan, China. Clinical diagnoses were confirmed via a con-

sensus of two experienced psychiatrists using the Structured Clinical

Interview for DSM-IV (patient edition) (Yuan et al., 2018). MDD symp-

tom severity was assessed using the 14-item Hamilton Depression

Scale (HAMD). Exclusion criteria included schizophrenia, mental

retardation, personality disorders, history of head trauma, substance

abuse, and serious medical or neurological illnesses. The HC group

was recruited from the community through advertisements. In partic-

ular, our patients with MDD may be accompanied by some anxiety

symptoms, but they all did not meet the diagnostic criteria for anxiety

disorder. The members of this group had no history of serious medical

and neuropsychiatric illness or a family history of major psychiatric or

neurological illness among their first-degree relatives. The SCID non-

patient version (SCID–NP) was employed to ensure the absence of

psychiatric illnesses in the HC. The HC did not finish the HDMA scale

test because it was only administered by two well-trained psychia-

trists in the hospital. Demographic and clinical characteristics are pres-

ented in Table 1.

To avoid potential confounds introduced by the use of medica-

tion, we calculated the total medication load index using an approach

employed by previous studies (Almeida et al., 2009; Phillips, Travis,

Fagiolini, & Kupfer, 2008; Versace et al., 2008). Briefly, we coded the

dose of each medicine taken as 0 (absent), 1 (low), or 2 (high) based

on previously developed criteria (Sackeim, 2001). Two medications

(escitalopram and duloxetine) that are not included in the criteria were

coded as 0, 1, or 2, according to the midpoint of the daily dose range

recommended by the Physician's Desk Reference. The total medica-

tion load for each patient was obtained by summing all medication

codes.

2.2 | Stimuli

Visual stimuli were obtained using a Canon 5DS Single Lens Reflex

Camera (with +24-70 F4 camera model), and consisted of six black-

and-white photos of female faces, showing either a happy or sad

expression (three happy and three sad). The auditory stimuli were

either positive (laughing) or negative (crying). Six different sounds

(three laughing sounds and three crying sounds) were obtained from

the same female actor using an iPhone loudspeaker, and equalized for

length and volume.

TABLE 1 Demographic

characteristics
Variables MDD (n = 37) HC (n = 37) p value

Gender (male/female) 12/25 18/19 0.1554a

Age (years) 31.21 ± 12.17 36.57 ± 16.28 0.1923b

Education (years) 14.30 ± 3.620 12.97 ± 2.736 0.0755b

Handedness (left/right) 0/37 0/37 1a

Mean FD 0.087 ± 0.050 0.082 ± 0.065 0.7381b

Duration (months) 35.92 ± 33.22

HAMD score 20.11 ± 6.895

HAMA score 28.35 ± 9.196

Medication load 2.22 ± 0.821

Note: Values are mean ± SD.

Abbreviations: HAMA, Hamilton anxiety scale; HAMD, Hamilton depression scale; HC, healthy control;

MDD, major depressive disorder.
aChi-square test.
bTwo-sample t test.
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To determine the experimental materials, we conducted a behav-

ioral pre-study with 30 subjects (17 males and 13 females) for each

picture and sound to rate the valence on a nine-point valence scale

(ranging from “very fearful” to “very happy”) and the arousal of

sounds on a nine-point valence scale (ranging from “not arousing at

all” to “very arousing”). The matching scores of each pair of visual and

sound were also obtained with a nine-point scale ranging from “mat-

ched well” to “did not match at all.” We picked two pictures (one pos-

itive and one negative) and two sounds (one positive and one

negative) that scored the highest on the valence/arousal scales in this

pre-study. The matching score was balanced.

2.3 | Procedure

To elicit specific neural responses during multiple emotional occa-

sions, we applied an event-related fMRI paradigm using the positive

and negative faces as background to create emotional circumstances

displayed which has been shown in Figure 1. In the experiment, each

face condition (happy or sad) was combined with each sound condi-

tion (laughing or crying) resulting in emotionally congruent (C) and

incongruent (IC) conditions. Each trial lasted 4,000, 6,000, or

8,000 ms. Each run consisted of 60 randomly arranged trials. The

fMRI task comprised two runs. The only difference between them

was the valence of the background (positive background, PB or nega-

tive background, NB).

After being presented with a 10,000 ms cross and a 10,000 ms

background emotion picture, participants were instructed to cate-

gorize the valence of each target sound as fast and accurately as

possible while keeping their eyes on the background picture.

Visual stimuli were projected on a screen approximately 50 cm

from the participants, which they viewed through a mirror placed

in front of their eyes. They were then required to press an MR-

compatible pad in response to the sound of laughing or crying with

both hands (one hand for laughing sound and the other for crying).

The corresponding hand for each emotional sound was

counterbalanced between subjects. Stimuli were viewed on a

25 cm � 18.75 cm high resolution Avotec projector (SV6011;

Avotec, Inc., Stuart, FL) with a screen resolution of 1,024 � 768

pixels. The sound was played through full coverage Avotec head-

phones (SS3300; Avotec, Inc., Stuart, FL) at a mean volume of

120 dBA. Although a 120 dBA threshold marks the onset of pain in

typical daily environments, this threshold was required in order for

the participants (who were also wearing earplugs and headphones)

to hear the stimuli clearly in a noisy fMRI scanning environment.

We used the E-Prime program to record both the stimuli and but-

ton push response times for displayed stimuli (Schneider,

Eschman, & Zuccolotto, 2002).

F IGURE 1 Experimental paradigm. Emotional stimuli were presented audiovisually, and participants were instructed to classify the emotional
category of sound as soon as possible while keeping their eyes on a fixed background picture (which had two types of emotional valence: positive
background, PB, or negative background, NB). The positive background (PB) and negative background (NB) were presented using a happy face
(top) and sad face (bottom), respectively. Audio stimuli were randomly presented and balanced for the emotional category. The response window
began with the stimulus onset. Without depending on response time, the trial duration was 4, 6, or 8 s
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2.4 | fMRI data acquisition

FMRI data were acquired using a 3.0 T GE 750 scanner (General Elec-

tric, Fairfield, CT) equipped with high-speed gradients. Prior to study

participation, subjects were familiarized with the MRI scanning envi-

ronment and sounds. An eight-channel prototype quadrature birdcage

head coil fitted with foam padding was applied to minimize the head

motion. Foam pads and earplugs were used to minimize head move-

ment and scanner noise. Functional images were acquired with

gradient-recalled echo-planar imaging (EPI) sequence. The parameters

were as follows: repetition time/echo time = 2000 ms/30 ms, 90� flip

angle, bandwidth = 250 Hz/pixel, 43 axial slices (3.2 mm slice thick-

ness without gap), 64 � 64 matrix, and 22 cm field of view. A total of

190 volumes were obtained for each participant.

2.5 | fMRI data analysis

2.5.1 | Preprocessing

Functional images were preprocessed using the Data Processing

Assistant for fMRI (DPARSF 4.3, http://www.fmri.org/DPARSF). The

first 10 volumes were removed from each run to allow for scanner

stabilization. The 180 remaining images in each run were spatially

realigned to the intermediary image of each functional series, using

3D rigid body (linear) transformation with three translations and three

rotation parameters. Transient movement during scanning was

restricted to no more than 3 mm of translation and 3� of rotation.

Images were then spatially normalized to the SPM EPI template in

MNI space at a resolution of 3 � 3 � 3 mm3 and smoothed using an

isotropic Gaussian kernel and a 6-mm FWHM Gaussian kernel. In

addition, the mean framewise displacement (FD) was calculated as the

sum of the absolute values of changes in the six parameters for transi-

tional and rotational displacements between volumes, and the thresh-

old was set to 0.3 mm (Power, Barnes, Snyder, Schlaggar, &

Petersen, 2012; Smyser et al., 2010). To further exclude the potential

effect of head movement, we performed a two-sample t test, and we

found no difference of FD between MDDs and HC (as shown in

Table 1).

2.5.2 | First-level analysis

We first performed a general linear model analysis at the single-

subject level for each subject in SPM12 (https://www.fil.ion.ucl.ac.uk/

spm/) (Friston et al., 1994). Single-subject BOLD responses were

modeled using a design matrix which comprised the time points of

each trail for the two experimental conditions (IC and C) in two ses-

sions (PB and NB) separately. Six realignment parameters (three rota-

tions and three translations), age, sex, education, and medical load

were added to the design matrix as nuisance covariates. Using the

modified general linear model, parameter estimate (Beta coefficients)

images for the canonical hemodynamic response function (HRF) were

calculated for each condition and each subject (separately for each of

the two sessions).We used the incongruent emotional condition as an

experimental condition and the congruent emotional condition as an

implicit baseline. We are interested in the differences between the

experimental and corresponding control conditions (incongruent

vs. congruent), both in terms of task-related activation and connectiv-

ity. Therefore, for each subject, emotionally incongruent responses

were computed by applying baseline contrasts (IC vs. C) in PB and NB

sessions separately. Subsequently, these contrast maps for each indi-

vidual were used for analysis of second-level random effects.

2.5.3 | Second-level analysis

In order to determine the possible involvement of significantly differ-

ent brain circuits for the PB and NB background between MDD

patients and HC, single-subject contrasts were entered into second-

level analysis. A flexible factorial design using a 2 � 2 ANOVA was

performed with the background emotional valence (PB, NB) as the

within-participant factor and group (MDD, HC) as the between-

participant factor. The mask was created by the conjunction of four

activation maps, which resulted from applying one-sample t tests

(p < .05) to the contrast maps for each group (HC in PB; MDD in PB;

HC in NB; MDD in NB). Significantly different activation was deter-

mined using p < .05 with a false discovery rate (FDR) multiple compar-

isons correction and extent threshold k = 50 voxels. To further break

down the interaction effects, post hoc pair-wise comparisons (mean

activations) were conducted separately in each area with two-sample

t tests in Graphpad Prism 6 for Windows (and regressing out the

effects of age, sex, education, and medical load).

2.5.4 | Psychophysiological interactions analysis

In order to examine the abnormal modulation effect of negative mood

in MDDs on functional connectivity of key regions with the rest of

the brain, we performed a general psychophysiological interaction

(gPPI) analysis by using significant regions of interest (ventromedial

prefrontal cortex, vmPFC and dorsolateral prefrontal cortex, dlPFC) as

seeds which were achieved from the interaction between background

conditions and groups. The left vmPFC showed higher activation in

MDD patients, but not HC, when they were confronted with the neg-

ative stimuli in auditory channel when concurrently seeing visual facial

expressions, demonstrating negatively biased activities in patients.

The MDD group also showed decreased activation in the right dorso-

lateral prefrontal cortex, suggesting cognitive control deficits in

depression. Thus, both the vmPFC and dlPFC were used to extract

deconvolved activity time courses within the region of interest (ROI)

(MNI coordinates: vmPFC, x, y, z = �18, 33, 42 and dlPFC, x, y,

z = 45, 27, 18; a sphere of 6 mm centered on the local maximum peak

of activity) for each subject. PPI analysis employed 11 regressors:

2 activation time courses in a given volume of interest (the physiologi-

cal variable) (C and IC conditions), 2 psychological variables of interest
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(C and IC conditions), the psychophysiological interaction term, and

6 realignment parameters. To create the psychophysiological interac-

tion terms, we calculated the contrast of the time course with a

condition-specific regressor that probed the emotional incongruency

(IC vs. C). We completed PPI analyses for each ROI in each subject,

and then entered the results into statistical analyses.

In order to examine the interaction effects of seed functional con-

nectivity, we followed the same analytic procedure as with our analy-

sis of BOLD responses. The contrast images of the PPI terms in each

participant were submitted to a 2 � 2 ANOVA model, which resulted

in an interaction effect map between background (PB, NB) and group

(MDD, HC) that was able to identify regions showing differential con-

nectivity with seeds. Effects of age, sex, education and medical load

were regressed out. The mask was also created by the conjunction of

four PPI images which resulted from applying one-sample t test

(p < .05) to the contrast maps or each group (HC in PB; MDD in PB;

HC in NB; MDD in NB). The false discovery rate (FDR) multiple com-

parisons correction (p < .05, extent threshold k = 50 voxels) was also

used to determine significant interaction difference of connectivity.

To further break down the interaction effects, the significant differ-

ences (PB or NB) between the patient and the control groups were

extracted as a mask consisting of several regions of interest (i.e., a

sphere of 6 mm centered on the local maximum value). Each centered

of interested regions in significant interaction difference of connectiv-

ity was located on the local maximum peak of clusters, which was the

same with the picking criteria of seed regions (vmPFC and dlPFC) in

interaction difference of activation. Then the radius of each spherical

ROIs was set as 6 mm. Post hoc pair-wise comparisons (mean activa-

tions) were conducted for the two-sample t tests in each ROIs in Gra-

phpad Prism 6 for Windows, with the effects of age, sex, education,

and medical load regressed out.

2.5.5 | Validation analysis

Previous studies had shown that antidepressant medications did

affect the brain activity (Hilland et al., 2020; Li et al., 2018). To explore

the potential effect of antidepressant medication, we performed an

additional Pearson's correlation analysis between the significant acti-

vation and connectivity and the total medical load index of each

patient. In addition, to explore the relationship between the brain acti-

vation or connectivity and the clinical scores of patients, the Pearson's

correlations between the activation and connectivity of brain regions

with significant interaction and HAMD scores were calculated.

3 | RESULTS

3.1 | Brain activation

The F-contrast group � condition (contrast: IC vs. C) showed activa-

tion differences in five areas: the left medial frontal gyrus, right dorso-

lateral prefrontal cortex, right angular gyrus, left middle occipital

gyrus, and left inferior temporal gyrus (see Figure 2 and Table 2). In

F IGURE 2 Functional magnetic resonance imaging activation of the full interaction of group � condition (contrast: emotionally incongruent
vs. emotionally congruent). Significant post hoc comparisons of neural responsiveness (mean, square deviation) were calculated within each group
and condition. Bar charts showed that the MDD group showed significantly decreased activation in the right dorsolateral prefrontal cortex, right
angular gyrus, and middle occipital gyrus (contrast: IC vs. C) compared with HC in both the PB and the NB condition. Interestingly, in the left
vmPFC, MDD patients showed stronger activation when one sensory channel was negative (i.e., PB with crying) under positive background.
Under negative background conditions, MDD patients showed higher activation, when both sensory channels are negative (i.e., NB with crying)
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each area, post hoc pair-wise comparisons were conducted separately

to further explore these effects. In the left medial frontal gyrus, higher

activation (contrast: IC v. C) was observed in the MDD group than the

HC group in the PB [t(72) = 3.796, p < .001], and the decreased acti-

vation (contrast: IC vs. C) was observed in NB [t(72) = �21.33,

p < .0001] conditions. As two types of incongruent and congruent

combinations exist, there were four conditions in total (incongruent:

PB with crying sound, NB with laughing sound; congruent: PB with

laughing sound, NB with crying sound). Interestingly, we found a

stronger bias in vmPFC activity in the patient group in response to

negative stimuli. In positive background conditions, MDD patients

showed elevated activation when one channel was negative (PB with

crying sound) compared with conditions of congruent positive emo-

tion (i.e., PB with laughing sound). Under negative background condi-

tions, MDD patients showed higher activation when both channels

were negative (NB with crying) compared to incongruent emotional

conditions (NB with laughing sound). This tendency was opposite in

HC. Thus, we found a negatively biased activation of left the vmPFC

in patients. and a positively biased activation of left vmPFC in healthy

participants.

The depression group showed significantly decreased activation

(contrast: IC vs. C) In the right dlPFC compared to HC both in the PB

[t(72) = �7.594, p < .0001] and the NB [t(72) = �8.145, p < .0001]

condition. The MDD group showed significantly lower activation (con-

trast: IC vs. C) in the right angular gyrus in the NB condition only [t

(72) = �7.905, p < .001]. The MDD group also showed diminished

activation (contrast: IC vs. C) in the middle occipital gyrus in the PB [t

(72) = �3.004, p < .01] and NB [t(72) = �15.90, p < .0001]

conditions.

3.2 | Functional connectivity

To further examine altered neural circuits in MDD patients during

emotional regulation processes, we performed PPI analysis by using

significant regions in whole- brain contrast (with the vmPFC and

dlPFC used as seeds). The flexible factorial analysis had showed signif-

icant interaction effects in the connectivity between vmPFC and right

posterior cingulate gyrus, right insula, right parahippocampal gyrus,

right ventromedial prefrontal cortex, right dorsolateral prefrontal cor-

tex, right ventrolateral prefrontal cortex, right dorsolateral prefrontal

cortex (Figure 3 and Table 3). Post-hoc analyses suggested that the

vmPFC had significant decreased connectivity (contrast: IC v. C) to

the right ventrolateral prefrontal cortex [PB condition: t

(72) = �4.301, p < 0.0001], left dorsolateral prefrontal cortex

[PB condition: t(72) = �3.117, p = 0.0026; NB condition: t

(72) = �2.038, p = 0.04], right ventromedial prefrontal cortex

[PB condition: t(72) = �4.649, p < 0.0001; NB condition: t

(72) = �9.853, p < 0.0001], right dorsolateral prefrontal cortex

[NB condition: t(72) = �7.647, p < 0.0001], right insula [PB condition:

t(72) = �5.199, p < 0.0001; NB condition: t(72) = �5.383,

p < 0.0001], right parahippocampal gyrus [PB condition: t

(72) = �7.700, p < 0.0001; NB condition: t(72) = �2.590, p = 0.011]

and right posterior cingulate cortex (PB condition: t(72) = 9.797,

p < 0.0001). Increased connectivity (contrast: IC vs. C) between the

vmPFC and the right posterior cingulate cortex [PB condition: t

(72) = 9.797, p < 0.0001] was also found in the MDD patients. Focus-

ing the patient group only, we could find a stronger bias connectivity

between vmPFC and right posterior cingulate cortex in response to

concurrent negative auditory stimuli and visual facial expressions.

Flexible factorial analysis also showed significant interaction

effects in the connectivity between dlPFC and left middle temporal

gyrus, right putamen, left putamen, left insula, right insula, right ven-

trolateral prefrontal cortex, right dorsolateral prefrontal cortex

(Figure 4 and Table 4). Post hoc analysis suggested that the dlPFC

showed significantly diminished connectivity (contrast: IC vs. C) with

the left middle temporal gyrus [PB condition: t(72) = �11.34,

p < .0001; NB condition: t(72) = �9.853, p < .0001], right putamen

[PB condition: t(72) = �7.967, p < .0001], the left putamen

[PB condition: t(72) = �13.18, p < .0001], left insula [PB condition: t

(72) = �17.85, p < .0001], right insula [PB condition: t(72) = �2.656,

p < .01], right ventrolateral prefrontal cortex [PB condition: t

(72) = �26.32, p < .0001; NB condition: t(72) = �3.28, p < .01] and

right dorsolateral prefrontal cortex [PB condition: t(72) = �14.79,

p < .0001]. In the MDD group, increased connectivity (contrast: IC

vs. C) was found between the dlPFC and right putamen

[NB condition: t(72) = 8.214, p < .0001], left putamen [NB condition:

t(72) = 4.495, p < .0001], left insula [NB condition: t(72) = 2.948,

TABLE 2 Brain activation in the full interaction (group � condition) analysis

MNI coordinates

ID Brain regions Cluster size Peak F value X Y Z

Cluster 1 Left ventromedial prefrontal cortex 342 21.67 �18 33 42

Cluster 2 Right dorsolateral prefrontal cortex 307 24.01 45 27 18

Cluster 3 Right angular gyrus 80 17.77 33 �66 48

Cluster 4 Left middle occipital gyrus 190 24.41 �36 �69 39

Cluster 5 Left inferior temporal gyrus 86 19.72 �54 �45 �1

Note: All the clusters survived false discovery rate (FDR) correction with a high threshold of p < .05 and extent threshold k = 50 voxels.

Abbreviations: MNI, Montreal Neurological Institute; peak F value, statistical value of the peak voxel showing main effect; X, Y, Z, coordinates of primary

peak locations in the MNI space.
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p < .01], right insula [NB condition: t(72) = 9.302, p < .0001] and right

dorsolateral prefrontal cortex [NB condition: t(72) = 2.648, p < .01].

Interestingly, we found obvious bias connectivity between the dlPFC

and most regions in response to the concurrent presentation of posi-

tive auditory stimuli and visual facial expressions. This tendency was

the opposite in HC. Thus, we concluded that we had found a positive

connectivity bias from the right dlPFC to other brain regions in MDD.

3.3 | Validation analysis

As shown in Figure S1, the significant interaction activation and con-

nectivity did not correlate with total medical load index (all p > .05).

This result suggests that there are no potential confounding effects of

medication load on the activity and connectivity of patients in this

study.

As for the relationships between the brain activation and connec-

tivity and the clinical symptoms, we found that either activation or

connectivity in the interaction regions were all not significantly corre-

lated with the HAMD scores (all p > .05). The correlation coefficients

(r) and significance index (p) value were listed in Tables S1–S3.

4 | DISCUSSION

In this study, we aimed to adopt an fMRI audiovisual emotional para-

digm to identify the underlying neural mechanisms contributing to

negative bias effects in patients with MDD. At the local neural level,

we found that MDD patients showed increased bias activity in the

vmPFC while listening to negative auditory stimuli and concurrently

processing visual facial expressions, along with decreased dlPFC activ-

ity in both the positive and negative visual facial conditions. At the

F IGURE 3 Psychophysiological interaction (vmPFC; seed region) of the full interaction of group � condition (contrast: emotionally
incongruent vs. emotionally congruent). Significant post hoc comparisons of neural responsiveness (mean, square deviation) were calculated
within each group and condition. Bar charts showed that vmPFC showed significantly decreased connectivity with the right insula, right
ventromedial prefrontal cortex, left dorsolateral prefrontal cortex, right ventrolateral prefrontal gyrus and right parahippocampal gyrus in the PB
condition in the MDDs compared with HC. Diminished connectivity was found between vmPFC and right insula, right dorsolateral prefrontal
cortex, right parahippocampal gyrus, left dorsolateral prefrontal cortex, right ventromedial prefrontal cortex and the right posterior cingulate
cortex in the NB condition in the depression group. Importantly, MDD showed a bias in vmPFC connectivity with the right posterior cingulate
cortex when participants were exposed to concurrent negative auditory information and visual facial expression stimuli
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network level, we applied PPI analyses to further reveal the network

dysfunction that was led by the vmPFC and dlPFC. This result showed

that MDD exhibited significantly decreased connectivity in areas

involved in automatic emotional processes and voluntary control sys-

tems during perception of negative stimuli, including the vmPFC,

dlPFC, posterior cingulate cortex, insula, and striatum. These findings

provide novel evidence for the emotion dysregulation hypothesis,

which suggest that the negative bias effect of audiovisual emotion

processing in MDD patients is associated with strong bottom-up

upstream influences on the medial prefrontal areas combined with

dysfunction in the dorsal prefrontal top-down control system.

Regarding our investigation of aberrant local neural processes, we

found increased bias activity in the left vmPFC, which is a key region

for negative audiovisual emotional stimuli bias processing in MDD

patients. The overactive pattern in medial regions during emotion

processing have been proposed as key structures contributing to dys-

functional emotion processing in MDD (Grimm et al., 2009; Opel

et al., 2017). The vmPFC plays an important role in increasing positive

emotional experiences related to stressful events (Doré et al., 2017;

Yang et al., 2018), and in attenuating negative emotions during recov-

ery (Roy, Shohamy, & Wager, 2012; Seo et al., 2014). Therefore,

abnormal vmPFC activity in MDD patients could lead to poorly man-

aged responses to negative stressors. This would add to the cumula-

tive biological burdens in patients and make the organism more

vulnerable to developing diseases or exacerbating existing disease

symptoms (Cohen, Janicki-Deverts, & Miller, 2007; Kube et al., 2020;

Rief & Joormann, 2019). Prior research has also demonstrated that

medial PFC hyperactivation during sad moods may be an indicator of

relapse risk in individuals with remitted depression (Macoveanu

et al., 2014). Moreover, the vmPFC is the hub of regions that encode

negative self-referent in MDD (Yoshimura et al., 2010; Li et al., 2018).

Negative self-representations could lead to wider dysfunction in

depressed brains (Disner et al., 2011). Thus, we speculate that the

negative bias activity in the vmPFC is a result of multiple pathological

mechanisms in MDD patients.

Decreased dlPFC activity was also found in MDD patients in our

study in both the positive and negative emotional conditions. Because

the dlPFC is a key part of the top-down signaling network that con-

trols executive functioning, decreased responses to emotional stimuli

in this area are also associated with dysfunction in suppressing nega-

tive stimuli (Opel et al., 2017). The combination of impaired inhibition

and prolonged attention to negative material involved dlPFC further

sustains depression symptoms (Kertz et al., 2019). Furthermore, cog-

nitive reappraisal, which involves changing one's interpretation of an

affective stimulus to modify emotional impacts, mainly depends on

the dlPFC (Ochsner et al., 2012). As a result, hypoactivation of the

dlPFC has repeatedly been found to be a feature of acute MDD dur-

ing emotional processing (Disner et al., 2011; Ochsner et al., 2012).

The dlPFC has also been a frequent target of innovative therapeutic

interventions like transcranial magnetic stimulation (Kito et al., 2017;

Sonmez et al., 2019). The dlPFC dysfunction during audiovisual emo-

tion processing that we observed in our study is well in line with these

previous findings.

Our analysis of task-specific connectivity provides further evi-

dence for the underlying network mechanisms associated with func-

tional alterations in the vmPFC and dlPFC. These results are

TABLE 3 Psychophysiological interaction of the full interaction (vmPFC, group � condition)

MNI coordinates

ID Brain regions Cluster size Peak F value X Y Z

Cluster 1 Right insula

Right ventrolateral prefrontal cortex

Right dorsolateral prefrontal cortex

309 104.69 63 9 9

Cluster 2 Right dorsolateral prefrontal cortex 172 106.48 42 42 30

Cluster 3 Right cingulate gyrus 61 58.43 0 �33 39

Cluster 4 Right parahippocampal gyrus 55 39.82 33 �39 �9

Cluster 5 Right ventromedial prefrontal cortex 186 65.38 18 63 24

Cluster 6 Left middle frontal gyrus

Left precentral gyrus

463 78.37 �36 �12 21

Cluster 7 Left postcentral gyrus 194 91.10 �60 �27 15

Cluster 8 Left superior occipital gyrus 141 99.18 �15 �78 27

Cluster 9 Right precuneus 124 107.58 15 �72 21

Cluster 10 Right middle frontal gyrus 57 74.90 33 3 30

Cluster 11 Left parietal lobule 468 129.66 �45 �36 36

Cluster 12 Right postcentral gyrus 107 127.19 36 �42 66

Cluster 13 Right supplementary motor area 67 66.89 0 �15 60

Note: All the clusters survived false discovery rate (FDR) correction with a high threshold of p < .05 and extent threshold k = 50 voxels.

Abbreviations: MNI, Montreal Neurological Institute; peak F value, statistical value of the peak voxel showing main effect; X, Y, Z, coordinates of primary

peak locations in the MNI space.
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consistent with previous neural models of emotion regulation (Phillips,

Ladouceur, & Drevets, 2008). This conceptual framework recognizes

that emotion regulation can be disassembled into automatic and vol-

untary regulatory subprocesses, which mainly involve the vmPFC and

dlPFC, respectively (Rive et al., 2013). These systems are also believed

to operate in parallel (and possibly simultaneously), as they regulate

emotional responses that emerge from subcortical regions (i.e., the

amygdala and striatum) (Phillips, Ladouceur, & Drevets, 2008). The

bottom-up automatic regulation subprocess normally predominantly

involves ventral medial regulatory structures, as well as the hippocam-

pus and parahippocampus (Etkin, Egner, & Kalisch, 2011; Phillips,

Ladouceur, & Drevets, 2008). The dysfunctional integrity and ineffi-

cient transfer of information between hippocampus and the vmPFC

have been associated with negative distortions of memory and learn-

ing in MDD patients, which in turn simply strengthens negative

thoughts (Goto & Grace, 2008). Internal negative attention of

depression could also lead to extra cognitive burdens on the prefron-

tal cortex (Mennen et al., 2019), and contribute to increases in con-

nectivity of the ventrolateral–dorsolateral prefrontal system in order

to overcome distractions from negative emotions (Frodl et al., 2010).

Thus, our finding of decreased coupling between the vmPFC and pre-

frontal regions could help explain misrepresentations of external envi-

ronment in depression. During the early stages of emotional

regulation, which are mediated by medial prefrontal regions, lateral

prefrontal cortical regions (which are critical to voluntary top-down

control) may be additionally recruited in MDD subjects in order to

achieve successful emotion regulation (Rive et al., 2013). However,

when the emotional experience is already underway (as in our study),

the strategy of additional recruitment of lateral prefrontal structures

seems to fail, as reflected by significantly reduced activity in the lat-

eral prefrontal cortex (Gotlib & Joormann, 2010). Particularly in the

negative circumstance, the decreased connectivity between dlPFC

F IGURE 4 Psychophysiological interaction (dlPFC; seed region) of the full interaction of group � condition (contrast: emotionally incongruent
vs. emotionally congruent). Significant post hoc comparisons of neural responsiveness (mean, square deviation) were calculated within each group
and condition. Compared to the HC, the dlPFC in MDDs showed distinct decreased connectivity with the left middle temporal gyrus, left
putamen, left insula, right insula, right ventrolateral prefrontal cortex and right dorsolateral prefrontal cortex in the PB condition. Increased
connectivity was found in the NB condition in the depression group between the dlPFC and right putamen, left putamen, right insula, right
ventrolateral prefrontal cortex and the right dorsolateral prefrontal cortex. Interestingly, under positive background conditions, MDD patients
showed a bias decreased tendency in dlPFC connectivity with the bilateral putamen, bilateral insula, right ventrolateral prefrontal cortex and the
right dorsolateral prefrontal cortex when participants were exposed to concurrent negative auditory information and visual facial expression
stimuli
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and other regions could be interpreted as the decreased top-down

control ability to regulate negative emotion, which further emphasize

the role of dlPFC (Sladky et al., 2015). When facing a negative envi-

ronment MDD patients need additional cognitive attempt to conduct

emotion processing (Gotlib & Joormann, 2010). Once the environ-

ment becomes more positive, the more normal function of the dlPFC

may recover. In addition, as the deficit ability of dlPFC, inhibition of

subcortical regions (like striatum) becomes increasingly weak, which

was also demonstrated by our results (Korgaonkar et al., 2019; Li

et al., 2018). Even worse, attempts to regulate negative emotions by

recruiting right ventral lateral prefrontal cortex in MDD patients were

associated with increased amygdala and insula activity (Johnstone,

van Reekum, Urry, Kalin, & Davidson, 2007). The coupling between

the insula and both the vmPFC and dlPFC suggests an inefficient inte-

gration of stimulus-driven bottom-up interoceptive signals with top-

down predictions to adapt the outside emotion state (Korgaonkar

et al., 2019; LeWinn et al., 2018; Sheline, Price, Yan, & Mintun, 2010).

Importantly, voluntary cognitive emotion regulation strategies are also

related to DMN function (Rive et al., 2013). DMN hyperconnectivity

appears to be associated with maladaptive rumination in depression

(Li et al., 2018). The content of this ruminative thinking can be divided

into a typically negative self-focused component (i.e., the process of

repetitively and passively thinking about one's feelings, the possible

causes, and the consequences) (Nolen-Hoeksema, Wisco, &

Lyubomirsky, 2008; Zamoscik, Huffziger, Ebner-Priemer, Kuehner, &

Kirsch, 2014). Thus, the negative bias connections between the

vmPFC and right posterior cingular gyrus (PCC) in our study could be

interpreted as uncontrollable patterns lead by excessive self-focus

when MDD patients face a negative event. Therefore, these results

elucidate the underlying abnormalities of the neural systems involved

in audiovisual emotional processing.

The major weakness of our study is that we did not perform a

cognitive assessment of MDD patients in our experimental design.

Because patients with MDD are usually associated with several cogni-

tive comorbidities, particularly biases in attention and memory (Kertz

et al., 2019; Müller et al., 2017). It will be crucial to conduct cognitive

tests in the future studies to avoid the task influence arising from cog-

nitive dysfunction in MDD patients. In addition, considering that pre-

vious findings have demonstrated the significant effects of

medications on the brain function in MDD patients (Hilland

et al., 2020; Li et al., 2018) and that no medication-free patient con-

trol group is involved in this study, we cannot exclude the potential

effects of medications although no significant correlation is observed.

We expect that future studies with medication-free samples can repli-

cate our results.

5 | CONCLUSION

In summary, the current study identified a negative bias effect of

audiovisual emotion processing in patients with MDD. We observed

increased bias activity in the vmPFC while listening to negative audi-

tory stimuli and concurrently processing visual facial expressions in

MDD, as well as decreased dlPFC activity in both the positive and

negative visual facial conditions. Moreover, task-specific connectivity

analysis showed network dysfunction in areas involved in automatic

emotional processes and voluntary control systems during perception

of negative stimuli, including the vmPFC, dlPFC, as well as subcortical

posterior cingulate cortex, insula, and striatum. These findings suggest

that MDD is engaged in complex network dysfunction which was led

by the excessive ventral bottom-up negative emotional influences and

incapable dorsal prefrontal top-down cognitive control during expo-

sure to complex real-life-like multimodal stimuli. Our study provides

novel evidence for the multimodal emotional dysregulation and may

contribute to further understanding of the neural mechanism underly-

ing depressive symptoms.

TABLE 4 Psychophysiological interaction of the full interaction (dlPFC, group � condition)

MNI coordinates

ID Brain regions Cluster size Peak F value X Y Z

Cluster 1 Right putamen

Right insula

Right ventrolateral prefrontal cortex

265 48.31 27 0 �6

Cluster 2 Left insula

Left putamen

125 33.08 �33 18 �12

Cluster 3 Left middle temporal gyrus 54 24.47 �51 �3 �15

Cluster 4 Left calcarine 146 34.33 33 �39 �9

Cluster 5 Right middle frontal gyrus

Right dorsolateral prefrontal cortex

89 37.66 30 60 12

Cluster 6 Left precentral gyrus 74 20.25 �51 18 9

Cluster 7 Right precuneus 98 39.95 18 �75 27

Cluster 8 Right precentral gyrus 56 23.62 18 �36 72

Note: All the clusters survived false discovery rate (FDR) correction with a high threshold of p < .05 and extent threshold k = 50 voxels.

Abbreviations: MNI, Montreal Neurological Institute; peak F value, statistical value of the peak voxel showing main effect; X, Y, Z, coordinates of primary

peak locations in the MNI space.
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