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Abstract

Anatomically interconnected, the ventromedial prefrontal cortex (vmPFC) and amygdala interact 

in emotion processing. However, no meta-analyses have focused on studies that reported 

concurrent vmPFC and amygdala activities. With activation likelihood estimation (ALE) we 

examined 100 experiments that reported concurrent vmPFC and amygdala activities, and 

distinguished responses to positive vs. negative emotions and to passive exposure to vs. active 

regulation of emotions. We also investigated whole-brain experiments for other regional activities. 

ALE and contrast analyses identified convergent anterior and posterior vmPFC response to passive 

positive and negative emotions, respectively, and a subregion in between to mixed emotions. A 

smaller area in the posterior ventral vmPFC is specifically involved in regulation of negative 

emotion. Whereas bilateral amygdala was involved during emotional exposure, only the left 

amygdala showed convergent activities during active regulation of negative emotions. Whole brain 

analysis showed convergent activity in left ventral striatum for passive exposure to positive 

Terms of use and reuse: academic research for non-commercial purposes, see here for full terms. https://www.springer.com/aam-
terms-v1
*Correspondence: Chiang-Shan R. Li, Connecticut Mental Health Center S112, 34 Park Street, New Haven, CT 06519, U. S. A., 
Phone: +1 203 974-7354, chiang-shan.li@yale.edu. 

5. Compliance with Ethical Standards

5.1 Disclosure of potential conflicts of interest
All authors declare no conflicts of interest in the current work

5.2 Research involving Human Participants and/or Animals
This study employed published data in the public domain for meta-analyses and did not involve human participants or animals.
5.3 Informed consent
This study employed published data in the public domain for meta-analyses and did not involve human participants.

Publisher's Disclaimer: This Author Accepted Manuscript is a PDF file of an unedited peer-reviewed manuscript that has been 
accepted for publication but has not been copyedited or corrected. The official version of record that is published in the journal is kept 
up to date and so may therefore differ from this version.

HHS Public Access
Author manuscript
Brain Struct Funct. Author manuscript; available in PMC 2021 January 01.

Published in final edited form as:
Brain Struct Funct. 2020 January ; 225(1): 345–363. doi:10.1007/s00429-019-02007-3.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://www.springer.com/aam-terms-v1
https://www.springer.com/aam-terms-v1


emotions and down-regulation of negative emotions, and in the posterior cingulate cortex and 

ventral precuneus for passive exposure to negative emotions. These findings highlight contrasting, 

valence-specific subregional vmPFC as well as other regional responses during passive exposure 

to emotions. The findings also suggest that hyperactivation of the vmPFC is associated with 

diminished right amygdala activities during regulation of negative emotions. Together, the findings 

extend the literature by specifying the roles of subregional vmPFC and amygdala activities in 

emotion processing.
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1. Introduction

Emotion is a mental state that comprises thoughts or feelings of personal well-being that are 

often contingent on environmental influences (Cardinal et al., 2002; Damasio, 1998). 

Emotion regulation refers to our ability to generate, maintain, and control emotion (Langner 

et al., 2018; Park et al., 2019), and emotion dysregulation is implicated in a wide range of 

psychological conditions (Cheetham et al., 2010; Kret and Ploeger, 2015; Langner et al., 

2018; Phillips et al. 2003a; Robinson and Berridge, 2003). Sustained bias toward negative 

emotions and anhedonia are among the hallmarks of major depression (Donofry et al., 2016; 

Ma, 2015), whereas fluctuating mood and affect characterizes bipolar disorder (Green et al., 

2007). Behavioral or pharmacological interventions have aimed to ameliorate negative 

emotions and maladaptive coping strategies for individuals with these clinical conditions 

(Sloan et al., 2017). Thus, understanding the neural bases of emotion processing and 

regulation has been of central importance in cognitive and clinical neuroscience research.

Previous work has highlighted responses of many cortical and subcortical regions to emotion 

perception and regulation (Kober et al., 2008; Lieberman et al., 2019; Lindquist et al., 2012; 

Phillips et al., 2003b). Among these regions, the amygdala and ventromedial prefrontal 

cortex (vmPFC) are known to play a central role in emotion processing (Costafreda et al., 

2008; Di et al., 2017; Lindquist et al., 2012). Lesion studies in humans and animals have 

suggested the amygdala as a hub for threat detection and negative emotional experience 

(Adolphs et al., 2005; Anderson and Phelps, 1998; Davis et al., 2008). Electrical stimulation 

of the amygdala elicited defensive behavior (al Maskati and Zbrozyna, 1989) and intensified 

startle responses to acoustic stimuli in rats (Rosen and Davis, 1988). Further, autonomic 

responses accompanied amygdala activation to negative emotions (al Maskati and Zbrozyna, 

1989; Brierley et al., 2004; LeDoux et al., 1990). These studies together suggest an outsized 

role of the amygdala in negative emotion processing. On the other hand, neuroimaging 

studies showed amygdala activation during exposure to happy facial expressions (Ebner et 

al., 2012; Hurlemann et al., 2008), and meta-analyses have suggested that the amygdala 

partakes more broadly in response to salient, including both positive and negative, emotional 

stimuli (Lindquist et al., 2012; Di et al., 2017).
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Commonly described as a bridge between cognitive and emotional processes, the vmPFC is 

involved in emotion and reward processing, value-based decision making, as well as social 

cognition and self-referential activities (Bartra et al., 2013; Hiser and Koenigs, 2018; 

Lieberman et al., 2019). Patients with focal vmPFC lesions showed blunted emotional and 

physiological response to aversive stimuli (Barrash et al., 2000; Damasio et al., 1990). 

Importantly, the vmPFC seems particularly critical for regulation of negative emotions 

(Hiser and Koenigs, 2018).

Indeed, both rodent and non-human primate studies have characterized anatomical 

projections from the vmPFC to inhibitory interneurons in the amygdala (McDonald et al., 

1996; Ghashghaei and Barbas, 2002). Subdivisions of the prefrontal cortex (PFC) that 

project to the amygdala also receive inputs from amygdala. These bidirectional connections 

are not uniformly or symmetrically distributed across the PFC subregions: 

cytoarchitecturally agranular regions have the densest connections with the amygdala in 

primates (Ray and Zald, 2012; Stefanacci and Amaral, 2002). Subgenual cingulate cortex or 

Broadmann area (BA) 25 and dorsal anterior cingulate cortex (BA 24) project most heavily 

to the amygdala, and the perigenual and rostral cingulate cortex or BA 32 also provide 

significant inputs to the amygdala in monkeys (Ghashghaei et al., 2007; Price, 2007). Thus, 

in sharp contrast with dorsolateral PFC (dlPFC), the vmPFC has more direct and heavier 

anatomical connectivity with the amygdala (Ray and Zald, 2012). Between-species 

anatomical homologies likely vary across brain regions. In rodents the medial PFC can be 

divided into infralimbic (IL) and prelimbic (PrL) subregions, homologous to BA25 and 

BA32 of primates, including humans, respectively (Gabbott et al., 2003; Myers-Schulz and 

Koenigs, 2012; Quirk and Beer, 2006). Electrical stimulation of the IL suppressed 

conditioned fear by decreasing amygdala activity (Milad and Quick, 2002; Quirk et al., 

2003). To note, the anatomical and functional homology of BA32 between monkeys and 

humans remains an active focus of research. Considering the cytoarchitecture, Ongur et al. 

suggested that subregion BA32pl in humans is homologous to monkey BA32, whereas 

BA32ac in humans is homologous to monkey BA24 (Ongur et al., 2003).

Many studies support functional interaction between the vmPFC and amygdala. For 

instance, patients with vmPFC lesions demonstrated elevated amygdala responses to 

aversive images relative to control subjects, suggesting a role of the vmPFC in regulating 

amygdala activity and emotional experience (Motzkin et al., 2015). Numerous imaging 

studies have highlighted the roles of the amygdala in fear conditioning and of the vmPFC in 

down-regulating amygdala activity during fear extinction (Icenhour et al., 2015; Kalisch et 

al., 2006; Milad et al., 2009; Phelps et al, 2004). Likewise, studies have characterized 

concurrent vmPFC and amygdala activities in response to positive or negative emotions, 

suggesting a broader realm of functional interactions (Britton et al., 2006; Heller et al., 

2014; Mobbs et al., 2007). A number of meta-analyses of emotion processing and regulation 

have described amygdala and vmPFC connectivity during behavioral challenges, in support 

of their interacting roles in emotion and saliency processing (Hiser and Koenigs, 2018; Di et 

al., 2017; Roy et al., 2012; Lindquist et al., 2012; Wager et al., 2008a). Another meta-

analysis focusing on studies of psychophysiological interaction of the right amygdala also 

reported connectivity targets in the vmPFC during emotional exposures (Smith et al., 2016).
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However, it remains less clear how the vmPFC and amygdala respond to negative versus 

positive emotions or to passive exposure to emotional stimuli as compared to active 

regulation (e.g., reappraisal) of emotions. Summarizing fMRI and PET studies of emotion 

induction and experience, Kober and colleagues reported that the vmPFC and amygdala 

respond to both positive and negative emotions (Kober et al., 2008). Another overview of 

PET and fMRI studies reported that pleasant and unpleasant emotional experience was 

associated with vmPFC and amygdala activity, respectively (Wager et al., 2008a). A review 

of human and animal data suggested that posterior vmPFC/subgenual anterior cingulate 

cortex (sgACC) and anterior vmPFC/pregenual anterior cingulate cortex (pgACC) are 

associated with processing of negative and positive emotions, respectively (Myers-Schulz 

and Koenigs, 2012). In a recent review using Neurosynth fMRI data, the same group showed 

that the anterior vmPFC was associated with value processing, decision making and social 

cognition, whereas the posterior vmPFC and amygdala were more related to emotion 

processing (Hiser and Koenigs, 2018). On the other hand, the meta-analysis has not 

substantiated the differential association of anterior/posterior vmPFC with positive/negative 

emotions (Hiser and Koenigs, 2018). Other meta-analysis endorsed amygdala response 

during passive exposure to negative emotions (Garcia-Garcia et al., 2016; Lindquist et al., 

2012) and sgACC response to both negative and positive emotions, but suggested that the 

amygdala or vmPFC was not critically involved in emotion regulation (Langner et al. 2018).

Together, a few conclusions can be drawn from the extant studies. First, the vmPFC and 

amygdala are anatomically and functionally connected. Second, the vmPFC and amygdala 

may respond concurrently to emotional processing; whereas the amygdala may respond to 

both positive and negative emotions, the anterior and posterior vmPFC appears to respond 

differentially to positive and negative emotions, respectively, although the latter has not been 

confirmed in meta-analyses. Third, evidence appears to support a role of the vmPFC in 

regulating emotions; however, whether the amygdala responds to emotion regulation or how 

it responds in link with vmPFC activity remains unclear. Thus, a few important questions are 

outstanding. First, when the amygdala is engaged concurrently, are different subregions of 

the vmPFC involved in processing positive, negative and both positive and negative (mixed) 

emotions? Second, do the amygdala and vmPFC respond in the same or opposite direction 

(activation vs. “deactivation”) to emotional processing? Do the patterns of concurrent 

vmPFC and amygdala response depend on the valence of emotions? Third, do different 

subregions of the vmPFC and amygdala respond to passive exposure to emotions and active 

regulation of emotions?

We performed a meta-analysis using activation likelihood estimation (ALE) algorithm to 

address three aims. First, we examined whether the anterior and posterior vmPFC is each 

involved in positive and negative emotion processing, as suggested in earlier work (Myers-

Schulz and Koenigs, 2012) but yet to be substantiated in meta-analysis. We also evaluated if 

the vmPFC and amygdala respond in the same or opposite direction to passive exposure to 

emotions, whether this directional relationship depends on the valence of emotions, and 

whether subregions of the vmPFC may respond differently in relation to the direction of 

amygdalar response. As previous meta-analyses have largely focused on experiments 

reporting “activation” but not “deactivation,” it would require a thorough consideration of 

the opposing patterns of activities to understand the roles of the vmPFC and amygdala in 
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emotion processing. Second, we examined whether passive exposure to and regulation of 

negative emotions involved distinct vmPFC subregional and amygdala activities. Third, we 

performed ALE analysis of whole-brain experiments to examine if other brain regions 

showed convergence of activation concurrently with vmPFC and amygdala each during 

passive exposure to and active regulation of emotions.

2. Methods

2.1. Literature search

Literature search was conducted in PubMed and Web of Science (from the inception until 

February 26th, 2019), supplemented by screening of references in relevant reviews. Unlike 

the amygdala, the vmPFC does not have well-defined anatomical boundaries. The imaging 

literature has referred to a wide swath of cortical regions as the vmPFC and sometimes used 

the term medial orbitofrontal cortex (mOFC) to refer to the vmPFC. We thus searched with 

different combinations of terms, including ‘amygdala’ AND ‘vmPFC’ OR ‘ventromedial 

prefrontal cortex’ OR ‘ventral medial prefrontal cortex’ OR ‘mOFC’ OR ‘medial OFC’ OR 

‘medial orbital frontal cortex’ OR ‘perigenual’ OR ‘subgenual’ AND ‘fMRI’ OR ‘functional 

MRI’ OR ‘functional magnetic’ for ‘All Fields’ in PubMed and ‘Title/Keywords/Abstract’ 

in Web of Science. We included not only studies of emotions but also those of other 

cognitive tasks that evoke emotional responses. For instance, a contrast of wins vs.no-wins 

in a reward-based decision-making task would be considered as an experiment of positive 

emotions. A complete list of the studies is available in the Supplementary Tables.

Papers were included based on following criteria: (1) published in English; (2) healthy 

human subjects. If a study involved both patient and healthy subjects, it was included in the 

analyses only if the coordinates of regional activities were reported for healthy controls; (3) 

original reports of fMRI study of emotion and related paradigms. Consequently, resting-state 

experiments and studies utilizing other imaging modalities such as PET were excluded; (4) 

reports showing findings that clearly reflect within-subject differences in valenced emotional 

response or regulation of vs. passive exposure to emotions. Thus, experiments showing 

regional activations to emotions of the same valence (e.g., fearful vs. angry face) were 

excluded. Studies or findings of fear extinction were not included since the extinction phase 

involves rather complex processes that are not amenable to classification as positive or 

negative in valence. Studies of individual differences (e.g., age, sex, genotypes) or other 

inter-subject variables (e.g., drug, sleep, treatment) were not included; (5) vmPFC and 

amygdala showed activation or deactivation within the same contrast; (6) regional 

activations reported in standard stereotactic coordinates (Talairach [TAL] or Montreal 

Neurological Institute [MNI]); (7) studies that did not involve duplicate subjects; (8) studies 

reporting vmPFC activity but with coordinates actually located in the dorsomedial PFC or 

lateral OFC were excluded. We used a rather broad vmPFC mask to encompass all potential 

vmPFC coordinates from the literature (Suppl. Figure 1).

2.2. Search results and sorting of all experiments for ALE analyses

We identified 1190 non-duplicate papers (studies), and 81 papers containing 100 

experiments were included in the final literature pool (Fig. 1). The 100 experiments were 
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first divided into two exclusive pools: those reporting findings on passive exposure to 

emotions (n=83) and those on emotion regulation vs. passive exposure (n=17). For the 

former we further distinguished experiments on positive emotion (n=30; Suppl. Table S1), 

negative emotion (n=37; Suppl. Table S2), and mixed (positive and negative) emotions 

(n=16; Suppl. Table S3). For experiments containing multiple contrasts, we selected the one 

involving a comparison with the baseline; that is, for studies reporting findings from both 

‘positive vs. neutral’ and ‘positive vs. negative’ contrasts, we employed ‘positive vs. neutral’ 

in ALE analyses. Thus, in experiments of passive exposure to emotional stimuli, the 

contrasts of interest comprised “positive > neutral” (positive emotion), “negative > neutral” 

(negative emotion), and “mixed (or both positive and negative) > neutral.” For experiments 

on regulation, the contrast of interest comprised “regulation > passive exposure.” In the 

below and in the figures, we refer to response to “emotion > neutral” as “activation” or “+” 

and to “neutral > emotion” as “deactivation” or “−”. The 17 experiments on regulation vs. 

passive exposure concerned mainly down-regulation of negative emotions (n=11, Suppl. 

Table S4; see also below). Of the other 6, one involved up-regulation of negative emotions 

and 5 involved regulation (1 up- and 4 down- regulation) of positive or mixed emotions. 

Thus, we first conducted a total of 4 primary ALE analyses, each on passive exposure to 

positive (n=30), negative (n=37), and mixed (n=16) emotions and on down-regulation of vs. 

passive exposure of negative emotion (n=11). The experimental stimuli employed in the 

experiments are summarized in the Supplement – Exp. Stimuli.

The second set of ALE analyses – subgroup analyses – concerned experiments showing 

different directions of vmPFC and amygdala activations (Fig. 1). In experiments on passive 

exposure to positive emotions (n=30), 3 each reporting vmPFC− /amygdala− (Xu et al., 

2011), vmPFC+/amygdala− (Kim et al., 2004), and vmPFC− /amygdala+ (Kohn et al., 2014) 

were excluded from the subgroup analyses. The remaining 27 experiments all involved co-

activation of the vmPFC and amygdala (vmPFC+/Amyg+). In experiments on passive 

exposure to negative emotions, 1 experiment reporting vmPFC+/amygdala− (Rubio et al., 

2015) and 2 reporting both vmPFC− /amygdala− (Herde et al., 2007; Mobbs et al., 2007) 

were excluded. The remaining 34 experiments comprised 25 showing vmPFC and amygdala 

co-activation (vmPFC+/Amyg+) and 9 showing vmPFC deactivation and amygdala 

activation (vmPFC−/Amyg+), and were so separated in subgroup analyses. Of the 17 

emotion regulation experiments, we excluded 3 on regulation of positive emotion (Koush et 

al., 2019; Kober et al., 2010; Winecoff et al., 2011), 2 on down-regulation of mixed 

emotions (Kanske et al., 2011), and 1 on up-regulation of negative emotion (Eippert et al., 

2007). Of the remaining 11 experiments that involved down-regulation of negative emotion, 

2 reporting vmPFC+/amygdala+ were also removed (Dougherty et al., 2015; Stephanou et 

al., 2017). Thus, the subgroup analyses of negative emotion down-regulation were 

performed on experiments demonstrating vmPFC activation and amygdala deactivation 

(vmPFC+/Amyg−, n=5) and vmPFC and amygdala co-deactivation (vmPFC−/Amyg−, n=4). 

The vmPFC coordinates of the experiments removed from subgroup ALE analyses were 

shown in Suppl. Figure S2 (see Results).
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2.2. ALE analyses of “whole-brain” experiments

The afore-described samples for ALE analysis examined whether or which subregions of the 

vmPFC may respond concurrently with the amygdala during passive exposure to positive 

emotion, to negative emotion, and to emotion irrespective of valence, as well as during 

down-regulation of negative emotion. Thus, we included both whole-brain and ROI studies 

in the meta-analysis. Here we examined the activities of brain regions in addition to the 

amygdala and vmPFC, and thus included only those experiments reporting whole-brain 

findings. Studies presenting vmPFC activity in whole brain analysis but amygdala activity in 

ROI analysis were also included as the amygdala is commonly examined as an ROI.

2.3. Activation likelihood estimation (ALE)

We used GingerALE (version 3.0) from BrainMap Project to perform ALE meta-analysis 

(Eickhoff et al., 2009; Eickhoff et al., 2012; Turkeltaub et al., 2012). ALE algorithm finds 

agreement across experiments and spatial convergence of activation foci with the data 

modeled in common stereotactic space. The ALE results were examined at a threshold of 

cluster-forming voxel-level p < 0.001, uncorrected and then cluster p < 0.05, FWE-

corrected, on the basis of 5,000 p-value permutations. We identified convergence of 

activities across whole brain and ROI studies. In a separate analysis that focused only on 

whole-brain studies, we located the convergent patterns of activity in other brain regions 

(Eickhoff et al., 2011; Laird et al., 2005). The analysis was performed in MNI space, with 

coordinates reported in Talairach (TAL) space transformed into MNI space using Lancaster 

transform function, as implemented in GingerALE. For published coordinates transformed 

using “Brett”, we proceeded with Brett transformation from TAL to MNI in GingerALE to 

“un-Brett”.

For all contrast analyses, voxel-wise differences between ALE datasets were compared. All 

contributing foci datasets were pooled and randomly divided into two equal-sized sets of 

contrasted experiments. ALE scores for each voxel within the randomly assembled groups 

were subtracted from one another and compared with the true data. We performed 5,000 

such p value permutations using GingerALE and examined the results at p<0.01 with a 

minimum cluster volume of 200mm3 (Eickhoff et al., 2011). ALE values were transformed 

into Z scores as computed from p value images in GingerALE to facilitate the interpretation 

of the contrast results.

ALE clusters from single dataset meta-analysis and Z score maps for contrast analysis were 

overlaid onto a MNI template using Mango Image Viewer (www.ric.uthscsa.edu/mango).

2.3.1. ALE: primary analysis—We computed convergence of activities during 

exposure to emotional stimuli (positive, negative, and mixed) and during down-regulation of 

negative emotion using single dataset ALE analysis. We conducted contrast analysis to 

examine the differences between the ALE maps of said groups of experiments. We 

contrasted pairwise ALE files incorporating the coordinates of the vmPFC and amygdala. 

The contrasts of interest comprised passive exposure to positive vs. negative emotions and 

passive exposure to vs. regulation of negative emotions (Fig. 1).
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Both experiments on exposure to negative emotions and those on regulation of negative 

emotions comprised subsets of a number of experiments with different directions of vmPFC 

and/or amygdala activities. Although the contrast analyses did not show significant 

convergent differences between these subsets of experiments (sections 2.3.2 and 3.2), the 

results of the primary ALE analyses should be considered with this issue in mind. That is, 

both primary single dataset ALE and contrast analyses were conducted without 

distinguishing experiments with different directions of vmPFC and/or amygdala response.

2.3.2. ALE: Subgroup analysis—We also performed single-dataset ALE analysis for 

subgroups of experiments showing vmPFC+/Amyg+ to negative emotions, vmPFC−/Amyg+ 

to negative emotions; experiments showing vmPFC−/Amyg− and vmPFC+/Amyg− during 

down-regulation of negative emotion; and experiments showing vmPFC+/Amyg+ to positive 

emotions. In contrast analyses, the contrasts of interest comprised [vmPFC+/Amyg+ 

(passive)] vs. [vmPFC−/Amyg+ (passive)] to examine whether, with amygdala activation to 

negative emotions, distinct subregions of the vmPFC showed activation and deactivation; 

[vmPFC+/Amyg+ (passive)] vs. [vmPFC+/Amyg− (regulation)] as well as [vmPFC−/Amyg

+ (passive)] vs. [vmPFC−/Amyg− (regulation)] to examine whether subregions of the 

vmPFC were specifically engaged that would influence amygdala response during down-

regulation of, as compared with passive exposure to, negative emotions; and [vmPFC−/

Amyg− (regulation)] vs. [vmPFC+/Amyg− (regulation)] to examine whether distinct 

subregions of the vmPFC exhibited activation vs. deactivation in diminishing amygdala 

response during down-regulation of negative emotions (Fig. 1).

2.3.3. ALE: Whole-brain analysis—We further performed ALE analysis for whole-

brain experiments showing vmPFC+/Amyg+ to passive exposure of positive (n=16), 

negative (n=15), and mixed (n=9) emotions, respectively; and vmPFC−/Amyg− to down-

regulation of negative emotions (n=4).

3. Results

3.1. Overview and meta-analysis of emotion exposure and emotion regulation 
experiments

We identified 67 papers containing 83 experiments involving passive exposure to emotions, 

and 15 papers containing 17 experiments involving regulation of emotions, respectively, 

with one study including experiments on both passive exposure to and down-regulation of 

mixed emotions (Kanske et al., 2011) (Fig. 1). The experiments on exposure were divided 

into those involving positive emotions (n=30; 883 subjects), negative emotions (n=37; 851 

subjects), and mixed emotions (n=16; 351 subjects). The emotion regulation experiments 

included 11 involving down-regulation of negative emotions (280 subjects). Among the 83 

passive exposure experiments with concurrent vmPFC and amygdala activity, a similar 

number of experiments reported on positive and negative emotions. Most experiments on 

positive emotions (27 out of 30) and all 16 experiments on mixed emotions reported vmPFC

+/Amyg+, whereas 25 and 9 experiments reported vmPFC+/Amyg+ and vmPFC−/Amyg+, 

respectively, for exposure to negative emotions. Of the 17 experiments with concurrent 

vmPFC and amygdala activity during emotion regulation, 11 concerned down-regulation of 
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negative emotions and 5 and 4 of the 11 reported vmPFC+/Amyg− and vmPFC−/Amyg−, 

respectively.

ALE analysis revealed convergence of activity for all emotion exposure experiments in 

bilateral amygdala and vmPFC, whereas down-regulation of negative emotion showed 

convergence of activity in the left amygdala and vmPFC (Table 1, Fig. 2). Passive exposure 

to positive emotions involved the vmPFC including the frontopolar cortex and the 

frontopolar part of the OFC, bilateral amygdala and the hippocampus and entorhinal cortex 

that surround the amygdala. Passive exposure to negative emotions involved the relatively 

posterior and ventral vmPFC and likewise involved the hippocampus and entorhinal cortex 

in addition to the amygdala. Passive exposure to mixed emotions involved similar structures 

as those to negative emotions but in more limited extent. Regulation of negative emotions 

involved a small locus in the medial OFC, as well as the left but not right amygdala.

The contrast of [positive > negative (passive)] showed convergence of activity in the anterior 

vmPFC (cluster size: 1120 voxels; peak voxel MNI coordinates: −2, 58, 1) and left 

hippocampus (560 voxels, peak: −28, −14, −20). [Negative > positive (passive)] showed 

convergence in posterior vmPFC (1392 voxels, peak: −6, 37, −19); right entorhinal cortex 

and amygdala (344 voxels, peak: 28, 1, −30) (Suppl. Table S5, Fig. 3A1–A2). Thus, passive 

exposure to positive and negative emotions involved the anterior and posterior vmPFC, 

respectively.

In additional analyses, we identified “pure emotion” experiments, including 17 that involved 

exposure to positive facial emotions, pleasant pictures, positive social feedbacks or erotic 

stimuli, and 36 that involved exposure to negative facial emotions, unpleasant pictures, 

videos or scripts, negative social feedbacks, or electric shocks. The results of ALE analyses 

likewise revealed convergence in the anterior and posterior vmPFC each for positive and 

negative emotions (Supp. Figure S3, Suppl. Table S6).

The contrast of [passive exposure > down-regulation] of negative emotion showed 

convergence of activity in posterior vmPFC (296 voxels, peak: −9, 28, −15) and a small 

cluster in the right entorhinal cortex and amygdala (616 voxels, peak: 26, 4, −18), whereas 

[down-regulation – passive exposure] contrast yielded no significant clusters (Suppl. Table 

S7, Fig. 3B1–B2). That is, whereas passive exposure to negative emotions involved a wide 

swath of the posterior vmPFC, a more limited subregion in the ventral posterior vmPFC 

showed convergence specifically for experiments involving down-regulation of negative 

emotions. Further, passive exposure to but not regulation of negative emotions involved the 

right amygdala.

3.2. Overview and meta-analysis of experiments with different patterns of vmPFC and 
amygdala activity

In our experiment pool, vmPFC hyperactivity (vmPFC+) was broadly reported for passive 

processing of positive and mixed emotions (96%) as well as negative emotions (70%), and 7 

out of 11 (64%) experiments on down-regulation of negative emotions. Of the 37 

experiments on passive exposure of negative emotion, 25 showed vmPFC+/Amyg+, and 

only one reported vmPFC+/Amyg−, whereas out of the 11 experiments on down-regulation 
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of negative emotion, 2 reported vmPFC+/Amyg+ and 5 reported vmPFC+/Amyg− (OR = 

47.29, p = 0.0005; two-sided Fisher exact test), suggesting that increases in vmPFC activity 

may directly or indirectly decrease amygdala activity during emotion regulation. In 

experiments reporting vmPFC hypoactivity (vmPFC−), 9 out of the 37 on passive exposure 

to negative emotion reported vmPFC−/Amyg+ and 2 reported vmPFC−/Amyg−, whereas 4 

out of the 11 experiments on down-regulation of negative emotion reported vmPFC−/Amyg

− and none reported vmPFC−/Amyg+ (OR = inf, p = 0.0110). The latter finding suggested 

that, the amygdala tended to become hypoactive during emotion regulation even in 

experiments showing vmPFC deactivation.

We identified subgroups of experiments according to the direction of vmPFC and amygdala 

response, including vmPFC+/Amyg+ to passive exposure of positive emotion (n=27; 795 

subjects); vmPFC+/Amyg+ (n=25; 591 subjects) and vmPFC−/Amyg+ (n=9; 249 subjects) 

to passive exposure of negative emotion; vmPFC−/Amyg− (n=4; 123 subjects), and vmPFC

+/Amyg− (n=5; 78 subjects) to down-regulation of negative emotion (Fig. 1) for ALE. All 

vmPFC coordinates of experiments excluded from subgroup analyses were labeled in Suppl. 

Figure S2.

The experiments showing vmPFC+/Amyg+ or vmPFC−/Amyg+ to passive negative 

emotions both showed convergence of response in relatively posterior vmPFC and bilateral 

amygdala in ALE analysis (Table 2A1–A2, Fig. 4A1–A2). Experiments of down-regulation 

of negative emotion showing vmPFC−/Amyg− revealed convergence of deactivation in 

bilateral amygdala and right entorhinal cortex (Table 2B1, Fig. 4B1), whereas those showing 

vmPFC+/Amyg− converged in the left amygdala and posterior vmPFC (Table 2B2, Fig. 

4B2–3C). Experiments with vmPFC+/Amyg+ to positive emotions showed a convergence of 

activation in a large cluster in the anterior vmPFC, a smaller cluster in the posterior vmPFC, 

and bilateral amygdala (Table 2C).

In contrast analyses we examined whether experiments showing distinct patterns of vmPFC/

amygdala activities may engage different subregions of the vmPFC. We focused on four 

contrasts: [vmPFC+/Amyg+ (passive)] vs. [vmPFC−/Amyg+ (passive)]; [vmPFC+/Amyg+ 

(passive)] vs. [vmPFC+/Amyg− (regulation)]; [vmPFC−/Amyg+ (passive)] vs. [vmPFC−/

Amyg− (regulation)]; and [vmPFC−/Amyg− (regulation)] vs. [vmPFC+/Amyg− 

(regulation)]. The results showed that none of these contrasts yielded convergence of 

differences in the vmPFC, but only in the amygdala or adjacent regions. The contrast of 

[vmPFC+/Amyg+ (passive)] > [vmPFC+/Amyg− (regulation)] reported convergence in right 

entorhinal cortex and amygdala (1336 voxels, peak: 21, −2, −21) (Fig. 5A). The contrast 

[vmPFC−/Amyg− (regulation)] > [vmPFC+/Amyg− (regulation)] reported convergence in 

the right entorhinal cortex (216 voxels, peak: 14, −8, −17) (Suppl. Table S8, Fig. 5B).

3.3. Other brain regions: meta-analysis of “whole-brain” experiments

We performed whole-brain ALE analyses for experiments that reported whole-brain results. 

In total, four sets of whole brain analyses were performed for passive exposure to positive 

emotion (vmPFC+/Amyg+; n=16, 407 subjects), to negative emotion (vmPFC+/Amyg+; 

n=15, 295 subjects), mixed emotions (vmPFC+/Amyg+; n=9, 170 subjects); and for down-

regulation of negative emotion showing (vmPFC−/Amyg−; n=4, 123 subjects).
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Besides vmPFC, amygdala and the adjacent entorhinal and hippocampal areas, whole brain 

subgroup analysis identified convergence of activation in left ventral striatum (880 voxels, 

peak: −13, 6, −12) from experiments on passive exposure to positive emotions (vmPFC+/

Amyg+; Table 3A, Fig. 6A). The analyses identified the ventral precuneus and posterior 

cingulate cortex (864 voxels, peak: −2, −59, 28) from experiments on passive exposure to 

negative emotions (vmPFC+/Amyg+; Table 3B, Fig. 6B). No additional clusters were 

identified for experiments on mixed emotions (vmPFC+/Amyg+; Table 3C, Fig. 6C). For 

experiments on down-regulation of negative emotions (vmPFC−/Amyg−), the results 

showed convergence of deactivation in left ventral striatum (472 voxels, peak: −3, 5, −7). 

Further, unlike the other whole-brain analyses, which identified bilateral amygdala, the left 

but not right amygdala was reported in this subgroup of experiments on down-regulation of 

negative emotions (Table 3D, Fig. 6D–E).

4. Discussion

On the bases of fMRI studies that engaged emotional responses and reported vmPFC and 

amygdala activation or deactivation, we sought to determine convergence and contrast of 

activity in subareas of vmPFC and amygdala in healthy subjects. We conducted primary 

group ALE analyses to identify regional differences in response to passive exposure to 

positive, negative and mixed emotions and to regulation of negative emotions. In subgroup 

analyses we focused on experiments with distinct and consistent patterns of vmPFC and 

amygdala activities and examined whether these experiments engaged different vmPFC and 

amygdala subregions. Finally, we conducted ALE analysis on experiments that reported 

findings for the whole-brain to examine convergence of other concurrent regional activities. 

We highlighted the major findings in the following.

4.1. Passive processing of positive vs. negative emotions

As demonstrated by contrast analysis, passive exposure to positive emotions engaged the 

anterior vmPFC, whereas passive exposure to negative emotions engaged the posterior 

vmPFC, substantiating the hypotheses raised in earlier studies (Myers-Schulz and Koenigs, 

2012; Hiser and Koenigs, 2018). Further, passive exposure to mixed emotions engaged a 

subregion in between.

In the vmPFC, from the olfactory core anteriorly to the ventral frontal pole, as well as 

laterally to the ventrolateral regions, the cortical architecture changes from the evolutionally 

oldest agranular cortex with less neuronal density and myelination to dysgranular and 

granular cortex in primates (Barbas, 1988; Ray and Zald, 2012; Yeterian and Pandya, 1991). 

Electrophysiological studies have also provided evidence of vmPFC subregions in 

processing valenced outcomes. For instance, multi-electrode recording and cortical 

stimulation showed that the pregenual anterior cingulate cortex (pACC) responded to the 

delivery of both food and air puffs, with responses in ventral bank of pACC biased toward 

negative stimuli in macaques (Amemori and Graybiel, 2012). Compared to other pACC 

subregions, the ventral pACC is anatomically unique with denser projections to the caudate 

and amygdala in rhesus monkeys (Eblen and Graybiel, 1995; Ghashghaei et al., 2007). Thus, 

although many experiments have shown amygdala and vmPFC responses to both positive 
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and negative emotions, the anterior and posterior vmPFC can be anatomically and 

functionally differentiated. Along with earlier studies, the current findings suggest that the 

anterior and posterior vmPFC is each distinctly involved in the processing of positive and 

negative emotions.

Integrating human PET and fMRI studies using Multilevel Peak Kernel Density (MKDA) 

meta-analysis, Hayes et al. demonstrated that vmPFC subregions, amygdala, hippocampus, 

and thalamus, among others, were central to processing both appetitive and aversive stimuli, 

with the very anterior vmPFC showing selectivity for appetitive processes (Hayes et al. 

2014). Another MKDA meta-analysis of fMRI and PET studies reported both vmPFC and 

amygdala as valence-general regions by intersecting positive > neutral and negative > 

neutral contrasts (Lindquist et al., 2016). The latter study also highlighted a preference of the 

amygdala for negativity by studying negative > positive paradigms. It is worth noting that 

these meta-analyses included both fMRI and PET experiments and identified vmPFC and 

amygdala activities independently, whereas the current work included only fMRI studies that 

reported concurrent vmPFC and amygdala responses. Thus, the current findings need to be 

considered in the context of concurrent vmPFC and amygdala activities.

4.2. Role of vmPFC and amygdala in emotion regulation

ALE showed that down-regulation of negative emotions similarly involved the posterior 

vmPFC, though in a smaller locus, as compared with passive exposure to negative emotions. 

Contrast analysis showed convergence of activity for “passive exposure > down-regulation” 

in the posterior vmPFC, right amygdala, entorhinal cortex, and putamen, which are all 

anatomically connected. It should be noted that a smaller number of the experiments were 

identified that involved down-regulation of negative emotions, which might have 

undermined the statistical power of the ALE of these responses.

Although both vmPFC and amygdala are known to be involved in emotion processing, 

previous studies have not consistently implicated both structures in the regulation of 

emotions. The posterior vmPFC cluster identified here (peak coordinates: 2, 40, −20) 

coincides well with the vmPFC cluster (peak: 6, 40, −22) reported from a previous fMRI 

ALE meta-analysis of down-regulation of negative emotion (Diekhof et al., 2011). Another 

earlier meta-analysis of experiments across a wide range of paradigms showed that bilateral 

amygdala increased in activity during exaggeration of experienced emotion, and decreased 

during down-regulation of emotions (Frank et al., 2014). In contrast, reviewing both fMRI 

and PET imaging studies involving reinterpretation, distancing or suppression of emotions, 

Langner et al. reported no significant convergence of activation in the vmPFC or amygdala 

(Langner et al., 2018). A later study also noted that the amygdala and vmPFC were not 

involved in emotion regulation with distancing strategies (Powers and LeBar, 2019). Instead, 

the dorsomedial prefrontal cortex (PFC), including the dorsal ACC and supplementary 

motor area, dorsolateral PFC (dlPFC), ventrolateral PFC, and lateral orbitofrontal cortex 

(OFC) were more commonly involved in emotion reappraisal (Chen et al., 2018; Langner et 

al., 2018; Wager et al., 2008b). It was suggested that the dlPFC, which did not appear to 

project directly to the amygdala may partake in emotion reappraisal and exert its effects on 

the amygdala via connections with the subgenual or dorsal ACC (Ray and Zald, 2012). That 
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is, the medial PFC may play a role in emotion regulation indirectly by actuating the 

influences from these “higher-order” cognitive regions. Another consideration is that, as part 

of the default mode network, the vmPFC is involved in processing self-relevant information 

(Hiser and Koenigs, 2018; Northoff et al., 2006). Thus, the vmPFC may participate in down-

regulation of emotion by detachment or distancing (i.e., decreasing self-relevance) but not as 

much by strategies that involve reappraisal, modification or selection. New studies are 

warranted to test this hypothesis.

We also showed that the left but not the right amygdala demonstrated convergence in 

experiments with active regulation of vs. passive exposure to emotions. That is, active 

regulation suppresses the response of the right amygdala to emotional stimuli. These 

findings are consistent with earlier meta-analyses showing that the left amygdala was more 

frequently reported than the right amygdala during emotion processing and regulation (Baas 

et al., 2004; Sergerie et al., 2008; Wager et al., 2003). Wager et al. demonstrated a left-

hemispheric predominance of amygdala activity in emotion processing and a bias toward 

negative emotions (Wager et al., 2003). Combining fMRI and PET studies, Baas et al. also 

showed left lateralization of amygdala activity during emotion processing, irrespective of 

stimulus type or task instructions (Baas et al., 2004). By investigating visual emotional 

perception studies that reported amygdala activation, Sergerie et al. showed bilateral 

amygdala response to both positive and negative stimuli, with more studies (particularly 

those with a block design) reporting left amygdala activity, likely reflecting a more sustained 

response in the left amygdala (Sergerie et al., 2008). Indeed, the amygdala is known to 

demonstrate hemispheric functional asymmetry, with the right amygdala responding to the 

onset of emotional stimuli and habituating more quickly than the left amygdala and the left 

amygdala responding more to sustained engagement in emotions (Baas et al., 2004; 

Kilpatrick and Cahill, 2003).

Together, these findings suggest that, when the vmPFC and amygdala are both involved, a 

region in the ventral posterior vmPFC and the left but not right amygdala are engaged in 

down-regulation of negative emotions. It is important to note that by restricting the meta-

analyses to experiments reporting activities of both the vmPFC and amygdala, leaving out 

those showing only vmPFC or amygdala activity, the current meta-analyses do not address 

the issue whether these or other cerebral structures are involved in emotion processing 

across all experiments. The current findings thus need to be considered within the context of 

concurrent vmPFC and amygdala activities.

4.3. Directions of vmPFC and amygdala activities during emotion processing

Nearly all passive exposure experiments (94%) reported amygdala activation, whereas most 

(82%) experiments of down-regulation of negative emotions reported amygdala deactivation. 

This finding is consistent with previous reports that the amygdala responded to salient 

stimuli and that amygdala activity was inhibited during down-regulation of negative emotion 

(Myers-Schulz and Koenigs, 2012).

Previous studies have suggested a role of the vmPFC in value-based decision making, self-

referential processing, and emotion regulation likely through interaction with the amygdala 

(Icenhour et al., 2015; Myers-Schulz and Koenigs, 2012). In our experiment pool, vmPFC 
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hyperactivity was broadly reported for passive processing of positive and mixed emotions 

(96%) as well as negative emotions (70%), and most (64%) experiments on down-regulation 

of negative emotions. More experiments on passive exposure of negative emotion showed 

vmPFC+/Amyg+, whereas more on down-regulation of negative emotion reported vmPFC+/

Amyg−, suggesting vmPFC modulation of amygdala activity during emotion regulation. In 

experiments reporting vmPFC deactivation, more on passive exposure to negative emotion 

reported vmPFC−/Amyg+, and no experiments on down-regulation of negative emotion 

reported vmPFC−/Amyg+. One is tempted to speculate that decreases in amygdala and 

vmPFC activity may indicate successful and unsuccessful down-regulation of negative 

emotions, respectively. Together, the current findings add to an earlier work (Diekhof et al., 

2011) by showing that a posterior subregion (peak: 4, 39, −20) of the vmPFC engages in 

down-regulation of negative emotions by decreasing amygdala activity.

In subgroup analyses of experiments showing different directions of vmPFC and amygdala 

responses, a comparison between [vmPFC−/Amyg+ (passive, negative)] and [vmPFC−/

Amyg− (regulation, negative)], and between [vmPFC+/Amyg+ (passive)] and [vmPFC−/

Amyg+ (passive)] did not yield significant differences. The contrast of [vmPFC+/Amyg+ 

(passive)] > [vmPFC+/Amyg− (regulation)], and [vmPFC−/Amyg− (regulation)] > [vmPFC

+/Amyg− (regulation)] both reported differences in the right amygdala or nearby regions. To 

note, [vmPFC+/Amyg− (regulation)] experiments reported convergence of activity only in 

left amygdala and vmPFC, consistent with the findings of subgroup contrast analysis. 

However, the sample sizes of these subgroups of experiments were very small and these 

findings should be considered as tentative.

The two subgroups of experiments vmPFC+/Amyg− and vmPFC−/Amyg− did not appear to 

differ systematically in the experiment design or regulation strategies. Three of the 4 vmPFC

−/Amyg−experiments reported dlPFC and dmPFC activation (Ochsner et al., 2002; Schardt 

et al., 2010; Winecoff et al., 2011), with the remaining study contrasting mainly down- and 

up-regulation (van Reekum et al., 2007). Of the 5 (4 whole-brain) studies showing vmPFC+/

Amyg−, one study showed concurrent dlPFC activation with vmPFC (Delgado et al., 2008); 

one showed dlPFC deactivaton (Pitskel et al., 2011); two didn’t report dlPFC or dmPFC 

clusters (Koenigsberg et al., 2010; Kompus et al., 2009); and the remaining (ROI) study 

demonstrated vmPFC modulation of the interaction between dorsal frontopolar cortex 

(BA10) and amygdala (Urry et al., 2006). It thus appears that, although the small sample did 

not converge to show dlPFC or dmPFC response in whole-brain analysis of the vmPFC−/

Amyg− subgroup, these prefrontal structures may be involved in down-regulating amygdala 

activity and negative emotions, when the vmPFC is deactivated. Notably, ALE of vmPFC+/

Amyg+ or vmPFC−/Amyg+ whole-brain experiments on passive exposure to negative 

emotions did not reveal convergence in the dlPFC or dmPFC. Nonetheless, studies are 

warranted to identify under which conditions the vmPFC, dlPFC, dmPFC or other regions 

may be commonly or differentially engaged in the regulation of emotions.

4.4. Other regional activities during emotion processing

Whole brain ALE analysis identified convergence of activation in the ventral precuneus, 

posterior cingulate cortex (PCC), and left hippocampus besides the vmPFC and bilateral 
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amygdala activities in passive exposure to negative emotion. As key components of the 

default mode network, both PCC and ventral precuneus are pivotal for integration of a wide 

variety of brain functions (Buckner et al., 2008, Zhang and Li, 2012a). Functionally 

connected with the vmPFC, both the PCC and ventral precuneus support self-referential 

processing (Cavanna and Trimble, 2006; Leech and Sharp, 2014; Zhang and Li, 2012b) that 

are central to emotional experience. The hippocampus, with its reciprocal anatomical 

connections with the amygdala, has been broadly implicated in fear conditioning and 

extinction (Chaaya et al., 2018; Yang and Wang, 2017, Vianna et al., 2004).

The analyses of whole brain experiments identified convergent activation in left ventral 

striatum (VS) and entorhinal cortex for passive exposure to positive emotion, and right 

entorhinal cortex for mixed emotions. Anatomically connected with the amygdala and 

hippocampus, the entorhinal cortex (BA28, BA34) is central to the formation, maintenance, 

and retrieval of episodic, including emotional, memory (Kohler et al., 1998; McDonald et 

al., 2000; Owen et al., 1996). The VS is a hub of the dopaminergic motivation and reward 

circuit (Frank et al., 2019, Valjent et al., 2019). A meta-analysis across 40 studies 

demonstrated that the vmPFC, left VS and thalamus responded in positive correlation with 

subjective pleasantness (Kuhn and Gallinat, 2012). Focusing on fMRI studies of reward 

prediction error (PE), a recent work reported a valence network including the VS and 

vmPFC in response to positive > negative PE (Fouragnan et al., 2018). It has also been 

suggested that the vmPFC plays a critical role in reward or value-based decision making 

through its interaction with the VS and amygdala (Hiser and Koenigs, 2018). We also 

observed convergent hypoactivation of the VS in the subgroup (vmPFC−/Amyg−) of 

experiments on down-regulation of negative emotion. The VS responds to salient stimuli of 

both positive and negative valence (Jensen et al., 2003); thus, the latter result suggested that 

the VS may show diminished response as negative emotion is dampened and become less 

salient. An alternative explanation is that the convergent deactivation of VS of vmPFC−/

Amyg− experiments reflected a failure in down-regulation of negative emotions. The 

number of the vmPFC−/Amyg− experiments was small and more studies are required to 

address this issue.

4.5. Limitations, other considerations, and conclusions

Several limitations need to be considered for the study. First, as with other meta-analyses, 

we used the ALE algorithm to examine spatial consistency of brain activities. Convergence 

of activity was determined on the basis of peak activation coordinates of experiments and 

subject numbers but not activity intensity. Second, a smaller number of studies showing 

differential vmPFC and amygdala responses were identified for subgroup analyses. As meta-

analyses with an experiment number less than 17 may not be statistically powered to detect 

subtle effects (Eickhoff, et al., 2011; Muller et al., 2018), these results should be interpreted 

with caution and confirmed in future work. Third, we included studies with behavioral 

paradigms that did not intend to address emotion processing; thus, the current results should 

be considered in a broader behavioral context of emotional experience. One also could not 

rule out the possibility that some of the findings may be specific to the emotional stimuli. 

For instance, 7 of the passive positive but only 1 passive negative experiments involved 

monetary stimuli; in contrast, 7 passive negative but only 1 passive positive experiments 
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involved electric stimuli. The experimental details are provided in the Supplement. Fourth, 

new studies are needed to investigate how the dlPFC and dmPFC interact with the vmPFC 

and amygdala in regulating emotions. Fifth, the “vmPFC” has been referred to with many 

different terms across different areas such as neuroeconomics and clinical research (Delgado 

et al., 2016). We searched the literature with “ventral paracingulate” and did not identify any 

relevant studies. However, we did not search with “medial prefrontal cortex”. Thus, we 

cannot rule out the possibility that the current work did not include all pertinent studies. 

Sixth, BOLD signal drop-out and spatial warping is prominent in parts of vmPFC and one 

would consider this issue in evaluating the current findings. Finally, the method of meta-

analytic connectivity modeling (MACM) can be used to identify regional co-activations 

(Robinson et al., 2010). With a seed, one obtains co-activations of other brain regions across 

all task-based fMRI or PET studies from the databases. Therefore, the findings of MACM 

do not distinguish between tasks/experiments or, with respect to the current study, positive 

vs. negative emotions or passive exposure to vs. active regulation of negative emotions. 

Further, these databases usually include a more restricted number of studies, in contrast to 

the literature located by manual search of PUBMED and Web of Science etc. Another 

consideration is that the Sleuth software is used to perform MACM analysis. Sleuth only 

allows a seed region less than 10,000 mm3, and thus for the current work the vmPFC would 

not be allowable as an ROI.

In sum, the anterior and posterior vmPFC activity was associated with positive and negative 

emotion processing, respectively. Down-regulation of, as compared to passive exposure to, 

negative emotions engaged a smaller area of the posterior vmPFC and the left but not right 

amygdala. Concurrent with vmPFC, amygdala and adjacent regional responses, activity also 

converged in the ventral precuneus and PCC during passive exposure to negative emotion, 

and in the left VS during passive exposure to positive emotion and down-regulation of 

negative emotion.
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Figure 1. 
Flow chart of literature search, study selection and experiment grouping according to the 

specific aims. +: activation; −: deactivation; dmPFC: dorsomedial prefrontal cortex; lOFC: 

lateral orbitofrontal cortex; Amyg: Amygdala. The boxes in dark and light gray each 

indicates experiments included in primary and subgroup ALE analyses. The two red 

rectangles indicate the experiments included in primary contrast analyses. For instance, we 

contrasted the 30 and 37 experiments each on passive exposure to positive and negative 

emotions to identify distinct responses to valenced emotions. The three blue rectangles 

covering and the line connecting two light gray boxes indicate the experiments included in 

subgroup contrast analyses.
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Figure 2. 
Results of ALE meta-analysis (cluster level p < 0.05, FWE corrected, with a cluster-forming 

threshold of voxel p < 0.001) of experiments on passive exposure to (A) positive emotion 

(blue), (B) negative emotion (red), (C) mixed emotion (purple), and (D) down-regulation of 

negative emotions (green); clusters overlaid on axial sections from z=+10 to −35, 5mm part. 

Panel (E1) shows A, B, C clusters overlaid, and (E2) shows B, D clusters overlaid on 

parasagittal sections at x=−5, 0, and 5. Passive exposure to positive and negative emotions 

each engaged anterior and posterior regions of the vmPFC with the area in between engaged 
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during exposure to mixed emotions. Regulation of negative emotions involved a smaller 

ventral posterior region within the vmPFC cluster identified for passive exposure to negative 

emotions.
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Figure 3. 
Results of contrast analysis (images thresholded at p<0.01 with a minimum cluster volume 

of 200mm3) of experiments on passive exposure to positive vs. negative emotions (A1, A2): 
positive > negative (blue); negative > positive (red); and of experiments on passive exposure 

to vs. regulation of negative emotions (B1, B2) passive exposure > down-regulation (red); 

For the latter we also used a p < 0.05 (pink; 2000 voxels, peak: −7, 31, −12); no clusters for 

down-regulation > passive exposure.
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Figure 4. 
Results of subgroup ALE analysis of experiments involving negative emotions and showing 

different patterns of vmPFC and amygdala activities (cluster level p < 0.05, FWE corrected, 

with a cluster-forming threshold of voxel p < 0.001): (A1) [vmPFC+/Amyg+ (passive)] 

(red), (A2) [vmPFC−/Amyg+ (passive)] (yellow); (B1) [vmPFC−/Amyg− (regulation)] (dark 

green), (B2) [vmPFC+/Amyg− (regulation)] (green). Panel (C) shows A1, A2, B1 and B2 

clusters overlaid on parasagittal sections. Voxels that overlapped between A1 and A2 

appeared orange.

Yang et al. Page 27

Brain Struct Funct. Author manuscript; available in PMC 2021 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. 
Results of subgroup contrast analyses (images thresholded at p<0.01 with a minimum cluster 

volume of 200mm3): (A) [vmPFC+/Amyg+ (passive)] > [vmPFC+/Amyg− (regulation)] 

(red), (B) [vmPFC−/Amyg− (regulation)] > [vmPFC+/Amyg− (regulation)] (green).
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Figure 6. 
Whole brain results showing significant clusters from subgroup ALE meta-analysis (cluster 

level p < 0.05, FWE corrected, with a cluster-forming threshold of voxel p < 0.001) for 

experiments involving (A) [vmPFC+/Amyg+ (passive)] of positive emotion (blue), (B) 

[vmPFC+/Amyg+ (passive)] of negative emotion (red), (C) [vmPFC+/Amyg+ (passive)] of 

mixed emotions (purple), and (D) [vmPFC−/Amyg− (down-regulation)] of negative emotion 

(green). Panel (E) shows A-D clusters overlaid.
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Table 1.

ALE of responses to passive exposure to emotions and to regulation of negative emotions

Brain Region
Peak MNI

Cluster Size (mm3)
Weighted (MNI)

ALE value (× 103)x y z x y z

A. Passive - positive

vmPFC (FPC; BA10) 0 58 −2 6952 −1 56 −4 45.0

Amygdala 26 −4 −20 6536 24 −5 −18 42.4

Amygdala −24 −8 −16 6216 −23 −7 −18 44.6

Hippocampus −28 −20 −10 10.3

vmPFC (pgACC; BA32) 6 34 −12 2128 7 33 −1 3 18.3

vmPFC (sgACC; BA25) 2 26 −24 10.2

B. Passive - negative

vmPFC (BA32/11) 0 38 −18 12368 −1 40 −13 30.3

vmPFC (BA32/11) −8 34 −14 26.9

vmPFC (FPC, BA10) 0 54 −6 25.5

vmPFC (FPC, BA10) 4 52 −6 24.7

vmPFC (BA11) 10 34 −22 18.7

Amygdala 26 −4 −18 8952 25 −3 −2 0 53.0

Amygdala 28 −2 −22 52.4

Amygdala −20 −6 −16 5032 −21 −4 −1 9 39.3

C. Passive - mixed

Amygdala −20 −6 −18 4064 −21 −5 −18 41.9

Amygdala 22 −4 −18 3792 22 −3 −18 36.8

vmPFC (BA11) 2 46 −18 2352 1 49 −17 18.1

vmPFC (BA10) −6 40 −6 8.4

D. Regulation - negative

Amygdala −24 −4 −20 2016 −23 −3 −20 22.4

vmPFC (BA11) 4 38 −20 520 2 40 −20 10.0

vmPFC (BA11) −6 44 −22 8.1

Note: BA: Brodmann Area; FPC: frontopolar cortex; pgACC: perigenual anterior cingulate cortex; sgACC: subgenual anterior cingulate cortex
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Table 2.

Subgroup ALE of responses to passive exposure to emotions and to regulation of negative emotions

Brain Region
MINI

Cluster Size (mm3)
Weighted (MNI)

ALE value (× 103)
x y z x y z

A1. Passive - negative (vmPFC+/Amyg+)

vmPFC (BA32/11) 0 40 −18 8120 −2 42 −13 21.5

vmPFC (BA32) −6 26 −10 21.4

vmPFC (FPC, BA10) −2 54 −8 20.1

vmPFC (FPC, BA10) 6 52 −6 17.3

Amygdala 28 −2 −24 6992 26 −2 −2 0 43.8

Amygdala −20 −6 −16 3096 −22 −5 −17 30.4

Amygdala −30 0 −20 15.9

A2. Passive - negative (vmPFC−/Amyg+)

Amygdala 26 −6 −16 2360 27 −4 −17 19.8

Entorhinal cortex (BA34) 18 −6 −24 8.7

Globus Pallidus 16 −8 −12 8.3

vmPFC (BA32) −8 36 −12 1896 −3 35 −1 5 12.7

vmPFC (BA32) 4 34 −18 10.1

Amygdala −20 −4 −22 1392 −2 0 −4 −2 1 14.8

vmPFC (BA32/24) 6 42 −6 520 4 48 −6 10.8

vmPFC (FPC, BA10) 2 52 −6 9.1

B1. Regulation - negative (vmPFC−/Amyg−)

Amygdala −24 −4 −20 1216 −24 −3 −19 14.0

Entorhinal cortex (BA28) 16 −10 −16 960 19 −9 −18 11.4

Amygdala 26 −6 −22 8.9

B2. Regulation - negative (vmPFC+/Amyg−)

vmPFC (BA11) 4 38 −20 536 4 39 −20 9.8

Amygdala −24 −4 −22 512 −23 −3 −23 9

C. Passive - positive (vmPFC+/Amyg+)

vmPFC (FPC, BA10) 0 58 −2 6216 −1 56 −3 45.0

Amygdala 26 −4 −20 6136 24 −5 −18 36.3

Amygdala 24 −8 −14 34.4

Amygdala −24 −8 −16 6120 −2 3 −7 −1 8 44.6

vmPFC (BA32) 8 34 −12 1120 6 33 −15 16.3

vmPFC (sgACC, BA25) 2 26 −24 10.2

Note: BA: Brodmann Area; FPC: frontopolar cortex; pgACC: perigenual anterior cingulate cortex; sgACC: subgenual anterior cingulate cortex
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Table 3.

ALE of whole brain experiments on responses to passive exposure to emotions and to regulation of negative 

emotions

Brain Region
MINI

Cluster Size (mm3)
Weighted center (MNI)

ALE value (× 103)
x y z x y z

A. Passive - positive (vmPFC+/Amyg+)

Amygdala 24 −4 −20 3464 23 −4 −19 27.9

Entorhinal cortex 16 −2 −16 26.9

vmPFC (FPC, BA10) 2 56 −4 2832 −1 54 −7 29.0

vmPFC (FPC, BA10) −6 50 −10 18.9

vmPFC (FPC, BA10) −6 50 −20 16.1

Entorhinal cortex −22 −16 −20 2792 −2 5 −1 1 −2 0 26.5

Amygdala −30 −4 −20 17.8

Ventral striatum −14 10 −10 880 −1 3 6 −1 2 18.5

Entorhinal cortex −14 2 −16 17.2

B. Passive - negative (vmPFC+/Amyg+)

Amygdala 26 −2 −22 3160 26 −3 −21 34.9

vmPFC (BA10/32) −2 52 −8 2496 1 50 −7 24.6

vmPFC (BA10/32) 6 50 −4 23.0

Amygdala −20 −8 −16 1384 −2 4 −1 0 −1 9 19.0

Hippocampus −28 −14 −22 17.4

PCC(BA31) −4 −58 26 864 −2 −5 9 28 18.0

PCC(BA31) 4 −62 30 14.9

C. Passive - mixed (vmPFC+/Amyg+)

Amygdala −20 −6 −18 2064 −20 −5 −18 26.8

Amygdala −30 −4 −22 10.7

Entorhinal cortex 20 −4 −18 1640 20 −3 −1 9 28.5

D. Regulation - negative (vmPFC−/Amyg−)

Amygdala −24 −4 −20 648 −24 −3 −19 14.0

Ventral striatum −4 6 −6 472 −3 5 −7 16.8

Note: BA: Brodmann Area; FPC: frontopolar cortex; PCC: posterior cingulate cortex
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