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Abstract 

Down-regulation of the amygdala with real-time fMRI neurofeedback (rtfMRI NF) 

potentially allows targeting brain circuits of emotion processing and may involve 

prefrontal-limbic networks underlying effective emotion regulation. Little research has 

been dedicated to the effect of rtfMRI NF on the functional connectivity of the 

amygdala and connectivity patterns in amygdala down-regulation with neurofeedback 

have not been addressed yet. 

Using psychophysiological interaction analysis of fMRI data, we present evidence that 

voluntary amygdala down-regulation by rtfMRI NF while viewing aversive pictures 

was associated with increased connectivity of the right amygdala with the ventromedial 

prefrontal cortex (vmPFC) in healthy subjects (N = 16). In contrast, a control group (N 

= 16) receiving sham feedback did not alter amygdala connectivity (Group x Condition 

t-contrast: p < .05 at cluster-level). Task-dependent increases in amygdala-vmPFC 

connectivity were predicted by picture arousal (β = .59, p < .05). A dynamic causal 

modeling analysis with Bayesian model selection aimed at further characterizing the 

underlying causal structure and favored a bottom-up model assuming predominant 

information flow from the amygdala to the vmPFC (xp = .90). The results were 

complemented by the observation of task-dependent alterations in functional 

connectivity of the vmPFC with the visual cortex and the ventrolateral PFC in the 

experimental group (Condition t-contrast: p < .05 at cluster-level).  

Taken together, the results underscore the potential of amygdala fMRI neurofeedback to 

influence functional connectivity in key networks of emotion processing and regulation. 

This may be beneficial for patients suffering from severe emotion dysregulation by 

improving neural self-regulation.  
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1 Introduction 

Real-time functional magnetic resonance imaging neurofeedback (rtfMRI NF) has 

attracted increasing interest from basic and clinical scientists. With rtfMRI NF, 

information on brain activation is fed back to the participant via a brain-computer 

interface (Weiskopf, 2012). Cumulative evidence is reported for a potential effect of 

rtfMRI NF on brain self-regulation in domains of high relevance for clinical psychology 

and psychiatry, such as emotion regulation (e.g. (Brühl et al., 2014; Caria et al., 2010; 

Scheinost et al., 2013; Veit et al., 2012; Zotev et al., 2011)), and an improved regulation 

of disturbed brain circuits supported by neurofeedback training may yield therapeutic 

benefits (Linden, 2014; Stoeckel et al., 2014).  

There is initial evidence for an alteration of amygdala-prefrontal connectivity via 

amygdala neurofeedback when giving the instruction to upregulate (Yuan et al., 2014; 

Zotev et al., 2011, 2013). Though, to date, it is unknown whether amygdala 

neurofeedback with the instruction to down-regulate involves similar neural 

mechanisms. This is of eminent interest for advancing rtfMRI NF towards the treatment 

of mental disorders involving limbic hyperactviation and aberrant prefrontal-limbic 

connectivity, that might become a therapeutic option in the future. 

In a previous study, we recently demonstrated that blood oxygenation level dependent 

(BOLD) signal feedback from the amygdala can be used to improve amygdala down-

regulation in healthy individuals (Paret et al., 2014). We adapted an established emotion 

regulation paradigm that involved viewing aversive and scrambled ‘neutral’ pictures in 

an fMRI environment. Participants were instructed to regulate a continuously updated 

biofeedback signal, obtained from the amygdala and displayed at both sides of the 

aversive picture (Figure 1). They significantly decreased amygdala activation when 

instructed to regulate the feedback signal as compared to the instruction to respond 

naturally, i.e., to view the picture. In this recent report, however, changes in brain 

connectivity were not addressed. Hence, the major aim of the present paper is to 

delineate changes in functional amygdala connectivity with rtfMRI NF and the 

instruction to down-regulate the amygdala response to aversive pictures. This is not 

only necessary for advancing the development of the technique towards clinical 

application. It is also needed to scrutinize the present reports on connectivity with 

amygdala neurofeedback, which focused on amygdala up-regulation and interpret 

changes of prefrontal-limbic connectivity in terms of a top-down control model. Data 



from amygdala down-regulation are suited to test this model and deepen our 

understanding of the dialectic interplay of prefrontal cortex and amygdala in 

neurofeedback regulation. Addressing this point in this paper, it is expected, that 

amygdala neurofeedback compared to control region feedback would enhance 

functional connectivity of the amygdala with the prefrontal cortex. Functional 

connectivity is analyzed in the data set described above using psychophysiological 

interaction (PPI) analysis to identify prefrontal regions communicating with the 

amygdala in a task-dependent and (amygdala-feedback) specific manner. Connectivity 

with the ventromedial prefrontal cortex (vmPFC) region detected with this approach is 

further investigated for causal directionality using dynamic causal modeling (DCM) to 

inform the interpretation of connectivity changes in terms of top-down and bottom-up 

processes. 

Figure 1  



2 Materials and Methods 

2.1 Participants 

Thirty-two females aged 24.56 ± 3.91 (M ± SD) who did not report any current or 

lifetime psychiatric diagnosis participated in the study. Group assignment to the 

experimental and control group was randomized and blinded. Groups were matched for 

age, highest educational attainment and sample size (N = 16 per group). Results from 

the same sample had been published earlier (Paret et al., 2014), more details on sample 

characteristics can be obtained there. For the purpose of this article, the data were re-

analyzed using a different analysis approach.   

The study was conducted in accordance with the declaration of Helsinki and was 

approved by the Ethics Committee of the Medical Faculty Mannheim of the University 

of Heidelberg. All participants provided written informed consent before participation 

and received financial compensation.  

2.2 Procedure 

Participants were instructed to regulate a continuously updated biofeedback signal, 

obtained either from the amygdala (experimental group) or from a control region 

(control group). The signal was displayed at both sides of the aversive picture via a 

thermometer display. In the ‘regulate’-condition, participants were instructed to down-

regulate the thermometer while they were asked to respond naturally to the picture in 

the ‘view’-condition. In the ‘neutral’-condition, scrambled pictures were presented. The 

experiment comprised one neurofeedback session consisting of 3 runs. In each run, the 

conditions were presented 5 times each in semi-randomized order and a 10 s rest period 

between subsequent conditions. The last neurofeedback run was followed by a transfer 

run, which had the same design as a neurofeedback run but without thermometer 

presentation. The BOLD signal from a bilateral amygdala region-of-interest (ROI 

experimental group) or a control region located in the basal ganglia (control group) was 

obtained with TurboBrainVoyager (TBV) software (version 3.0, Brain Innovations, 



Maastricht, Netherlands), applying motion correction and spatial smoothing (full width 

at half maximum [FWHM] = 4 mm). 33 % of voxels in the ROI were dynamically 

selected for signal extraction, depending on the ‘view vs. neutral’ condition contrast and 

applying the ‘best voxel selection’ tool implemented in TBV. For feedback 

presentation, the BOLD signal value was temporally smoothed by taking the average of 

the 4 most recent data points and a baseline was subtracted (mean from the late 4 data 

points from the preceding rest period). The thermometer covered 4 percent signal 

change. An orange line divided the thermometer in an upper part displaying activation 

and a lower part indicating deactivation from baseline. 

2.3 Ratings 

Subjective ratings of picture valence and arousal were assessed after each training 

session outside the scanner suite (1=relaxed/very positive, 5=highly aroused/very 

negative). The average of all picture ratings provided by the participant in a session was 

used for further analysis.  

2.4 Image acquisition 

Brain images were acquired on a 3 Tesla MRI Scanner (Trio, Siemens Medical 

Solutions, Erlangen, Germany) equipped with a 32-channel head coil. Functional 

images were acquired with a gradient echo T2*-weighted echo-planar-imaging 

sequence (TE=30 ms, TR=2 s, FOV=192x192 mm, matrix size=64x64, flip angle=80°). 

One volume comprised 36 slices tilted -20° from AC-PC orientation with a thickness of 

3 mm and slice gap of 1 mm. Participants’ heads were lightly restrained using soft pads. 

The experimental runs comprised 284 volumes each. The T1-weighted anatomical 

image recording parameters were as follows: TE=3.03 ms, TR=2.3 s, 192 slices, 

FOV=256x256 mm and matrix size=256x256.  



2.5 FMRI analysis 

2.5.1 Preprocessing 

FMRI data were analyzed with SPM8 (Wellcome Department of Cognitive Neurology, 

London, UK). The standard preprocessing pipeline included slice time correction, 

realignment, unwarping, coregistration to anatomy, segmentation and normalization to 

the Montreal Neurological Institute (MNI) standard template, and smoothing with an 8 

mm kernel (FWHM). Nine initial volumes were discarded before preprocessing. 

2.5.2 PPI analysis 

 First level 

A generalized form of psychophysiological interaction (PPI) analysis was used to 

explore within-subject effects of functional connectivity (McLaren et al., 2012). PPI 

analysis uses a moderated multiple regression model to estimate task-dependent 

changes in the temporal association between a seed region and all voxels in the rest of 

the brain. The parameter estimates of the PPI term can be interpreted as the condition-

specific functional connectivity of the seed region to a target region. Task-related 

regressors (i.e., ‘regulate’, ‘view’, ‘neutral’) were convolved with the standard 

hemodynamic response function. The BOLD signal time course information was 

extracted from two regions of interest (ROIs) located within the left and the right 

amygdala. ROIs were defined based on anatomical masks (Tzourio-Mazoyer et al., 

2002). For each ROI, a model was set up comprising the psychological regressors (i.e., 

task regressors), the physiological regressor of the amygdala BOLD signal time course, 

and their interaction terms, following the procedure published by McLaren et al. (2012). 

The PPI regressor was deconvolved before modeling. To account for potential artifacts, 

scan-to-scan movements and changes in global signal intensity were screened using the 

ART software package (www.nitrc.org/projects/artifact_detect). Movement was 

quantified based on the six parameters derived from the realignment step. Movements > 

2 mm and global signal intensity changes of z > 9 were classified as outliers. Nuisance 

regressors controlling for outlier scans were introduced and with the six movement 

regressors included as nuisance variables in the models. In both PPI models the beta 

coefficients for the interaction terms of the ‘regulate‘ and ‘view’ condition were 



contrasted resulting in the two target contrasts ‘regulate>view’ and ‘view>regulate’ and 

passed forward to analyses on the group level. Analyses were performed independently 

for the neurofeedback training and the transfer run.  

 Second level 

Amygdala connectivity: group interaction 

Group interactions were assessed with two-sample t-tests (experimental group[regulate 

vs. view] vs. control group[regulate vs. view]).  

vmPFC connectivity: experimental group 

We added a complementary PPI analysis to explore the functional connectivity of the 

vmPFC with other brain regions in the experimental group (contrast: ‘regulate>view’). 

A 6 mm spherical seed-ROI centered to [0,56,-11] was used to estimate connectivity 

with all voxels in the brain at a cluster threshold of p < .05 (k > 51). 

Down-regulation success 

To assess associations of amygdala down-regulation performance with amygdala 

connectivity, a multiple regression analysis was conducted. Amygdala regulation 

performance was defined as the difference of bilateral amygdala activation in the 

‘regulate’ and in the ‘view’ (‘regulate > view’) condition. Parameter estimates were 

retrieved from a conventional statistical parametric mapping analysis, modeling the 

subjects’ task-related BOLD signal change with stimulus functions, convolved with the 

hemodynamic response function (HRF). Results on amygdala regulation performance 

and more details on the analysis approach can be found in Paret et al. (2014). 

Additionally to the ‘regulate > view’ parameter, a second parameter was included in the 

multiple regression model to control for the amplitude of the spontaneous BOLD 

response to aversive pictures (‘view > neutral’).  

Results from whole-brain analyses were thresholded with p < .001 at the voxel level 

(uncorrected for multiple comparisons) combined with a cluster extent threshold. For 

data exploration, a liberal threshold of k > 9 was used. The minimum cluster size for 

significance (p < .05) was estimated with Monte-Carlo simulations (2000 simulations, 

voxel p < .001, uncorrected, indicator of smoothness: residual errors smoothing kernel 



of group-level analysis) using 3dClustSim implemented in the AFNI software package 

(Cox, 1996). 

Post-hoc tests of parameter estimates and correlation analyses were performed with 

SPSS version 20 (IBM Corp. Armonk, NY). 

2.5.3 Associations of brain connectivity with emotion ratings 

To explore the relationship of ratings of arousal and valence with functional amygdala-

vmPFC connectivity, we conducted a linear multiple regression analysis with 

connectivity as the dependent variable. Single-subject beta estimates of the 

‘regulate>view’ contrast from the PPI analysis with the right amygdala seed were 

extracted from the peak voxel at [0, 56, -11].  

2.5.4 Effective connectivity analysis 

To assess the causal information flow and to further delineate the functional structure in 

the brain networks identified with the PPI analysis, we used dynamic causal modeling 

(DCM) (Friston et al., 2003). This approach integrates a biophysiologically plausible 

model of how neural populations and context variables causally influence other neural 

populations measured with fMRI. DCM makes use of Bayesian statistics to estimate 

how well time-course data of an fMRI experiment are explained by a specific model. 

With Bayesian model selection (BMS), the best model from a specified set of models 

can be selected based on their model evidence (Stephan et al., 2009, 2010). In this 

analysis we assumed bidirectional intrinsic connectivity between the amygdala and 

vmPFC in accordance with the literature on the anatomical structure for the whole 

model space (Ghashghaei et al., 2007). The signal associated with the experimental 

conditions enters the network at the same input node either at the amygdala, at the 

vmPFC or at both sites. The ‘regulate‘-condition was assumed to modulate connectivity 

in either bottom-up, top-down or both directions. This results in a total of nine models 

which were compared with Bayesian model selection (BMS) (Stephan et al., 2009, 

2010). The first eigenvariate of the single-subject time courses was extracted from 

volumes located in the right amygdala and the vmPFC (spheres with radius = 6 mm) 

and adjusted for the effects of interest. To optimize voxel selection, individual region of 

interest (ROI) coordinates were selected based on single-subject t-contrasts of a separate 

conventional statistical parametric mapping (SPM) activation analysis based on the 



single-subject data. From this SPM analysis, the ‘view+regulate > implicit baseline’ 

contrast was chosen for amygdala ROI delineation, and the ‘regulate > implicit 

baseline’ contrast for the vmPFC, respectively. The sphere centers were selected as the 

peak coordinates within right amygdala (anatomical mask) and vmPFC (sphere with 

center at peak coordinate from PPI group analysis, radius = 8 mm). Most but few 

subjects had the maximum in the dorsal amygdala. To prevent inter-subject variations of 

selected amygdala sub-nuclei, an individual peak was selected in the dorsal amygdala. 

3 Results 

3.1.1 Functional connectivity with amygdala 

Amygdala connectivity: group interaction 

We analyzed differences in amygdala functional connectivity between a condition 

where participants were instructed to down-regulate brain activation (‘regulate’) and a 

condition with the instruction to respond naturally to aversive picture content (‘view’) 

with the contrast ‘regulate versus view’. Regions associated with an increase in 

connectivity with amygdala neurofeedback versus control region feedback were 

identified with the corresponding group interaction contrast (i.e., ‘experimental group 

[regulate>view] > control group [regulate>view]’). Clusters of altered right amygdala 

connectivity were most prominent in the vmPFC with a peak voxel in the medial 

orbitofrontal gyrus and encompassing parts of superior and middle frontal gyrus 

(Brodmann area (BA) 10) (Figure 2a). Further clusters were found in the superior 

frontal gyrus (BA8), the angular gyrus of the inferior parietal cortex (BA39), the 

precuneus (BA23), the brain stem and supplementary motor area (BA6, table 1). Right 

amygdala connectivity with the vmPFC was increased by the instruction to regulate 

compared to the ‘view’ condition in the experimental group, but not in the control group 

(Figure 2b, beta estimates can be obtained from Table 1). No clusters were observed for 

the reverse group interaction contrast (‘control group [regulate>view] > experimental 

group [regulate>view]’). 



An additional analysis of the group interaction contrast from the transfer run with the 

right amygdala seed did not show any significantly activated voxels at a cluster level p 

< .05. To check for potential threshold effects an additional analysis was appended with 

a whole-brain threshold of p < .01 at the voxel level and k > 9 voxels in a cluster. 

Significant voxels were searched in spherical ROIs (radius = 20 mm) with their center 

obtained from the neurofeedback analysis reported above. Activated voxels were found 

only in the left iPC ROI ([-21,-61,40], z = 3.52), but did not survive family-wise error 

correction (p(FWE) = .076). 

For reasons of data exploration, PPI beta estimates of all runs were obtained from a 

sphere with six mm radius and center in [0,56,-11]. Mean beta estimates from the 

‘regulate>view’ contrast of the experimental group were positive and, descriptively larger 

compared to the control group in all runs. An increase in beta estimates was not observed 

(Supplementary Table 1). 

 

Figure 2 

vmPFC connectivity: experimental group 

One cluster with a peak at [-3,-94,-5]  (z = 4.40) was located in the cuneus (BA17) and 

covered large parts of the bilateral medial occipital cortices (k = 956). A second cluster 

was located in the right ventrolateral PFC (vlPFC; BA46) ([54,41,1], z = 4.04, k = 116) 

and a third cluster was found in the right anterior hippocampus ([18,-16,-20], z = 3.98, k 

= 52) (Figure 3). The group interaction contrast did not show significant results. 

 

Figure 3 



Down-regulation success 

A higher success of amygdala down-regulation with amygdala neurofeedback, 

quantified by bilateral amygdala activation in the ‘regulate > view’ contrast may be 

associated with increased amygdala connectivity. Testing for significant clusters (k > 

49) in the experimental group with the t-contrast revealed increased right amygdala 

connectivity with a cluster extending from medial to lateral rostral PFC (BA10, 

[3,62,16], z = 4.13, k = 124), with the left striatum, extending to the thalamus ([-27,2,4], 

z = 4.79, k = 189), with the right fusiform gyrus (BA36), extending to parahippocampus 

([24,-34,-17], z = 4.39, k = 98) and with the left cerebellum ([-45,-76,-26], z = 4.21, k = 

59). Taking the left amygdala as the seed, significant clusters (k > 59) were found at the 

medial superior frontal cortex ([0,47,49], z = 4.24, k = 73) and at the right dlPFC (BA6, 

[30,2,61], z = 3.89, k = 69).  

A complementary analysis taking into account all subjects (N=32) did not yield 

significant clusters. 

 

Figure 4 

3.1.2 Association of brain connectivity with ratings 

Subjective rating data for picture arousal and valence were available from N=15 

participants per group. Arousal was rated 2.74±0.82 (M±SD) by the experimental group 

and ratings did not differ from the control group (2.68±0.74, t(28)=0.20, p=.84). 

Valence was rated 3.74±0.55 and 3.75±0.43 by the groups, respectively (t(28)=0.05, 

p=.96).  

In the experimental group, the ratings explained 48% of the between-subject variance in 

amygdala-vmPFC functional connectivity (‘regulate>view’ beta estimates; R² = .48, 

F(2,12) = 5.46, p < .05). It was found that arousal (β = .59, p < .05) but not valence (β = 



.17, p = .49) was a significant predictor (Figure 2c). Regression analysis did not reach 

significance in the control group (R² = .01, F(2,12) = 0.06, p = .94.).   

3.1.3 Effective connectivity analysis 

We tested nine models derived from different combinations of signal input (either in 

amygdala, in vmPFC, or in both) and causal information flow (either from amygdala to 

vmPFC, vice versa, or in both directions) (Figure 5a). With clear distinction from the 

other models, random effects analysis was in favor of the model characterized by 

network input through the vmPFC and modulation of connectivity from the amygdala to 

the vmPFC by the ‘regulate’-condition (exceedance probability [xp] = .90, Figure 5b).  

 

Figure 5  



4 Discussion 

Receiving the instruction to down-regulate amygdala neurofeedback compared to sham 

region feedback resulted in increased connectivity of the right amygdala most 

prominently to the vmPFC in healthy participants. Amygdala-vmPFC connectivity was 

correlated with picture arousal, and an analysis of effective connectivity demonstrated 

dominant bottom-up information flow from the amygdala to the vmPFC. The results 

were complemented by a task-dependent functional connectivity increase of the vmPFC 

with the visual cortex, the hippocampus and the vlPFC in the group receiving amygdala 

feedback. Further, stronger right amygdala-prefrontal connectivity was observed in 

subjects who achieved better amygdala down-regulation with amygdala neurofeedback.  

4.1 Amygdala-vmPFC functional connectivity 

Increased connectivity of the amygdala with the vmPFC during amygdala upregulation 

has recently been reported by Zotev et al. (2011, 2013). The authors found a linear 

increase of amygdala-vmPFC (BA10) coupling over three neurofeedback runs (Zotev et 

al., 2011), which is in line with our findings. With a PPI analysis, we observed altered 

functional connectivity of the amygdala with BA10, encompassing part of the medial 

orbitofrontal gyrus. Of note, while the connectivity alteration is specific for receiving 

amygdala versus control region feedback, it is not for amygdala regulation. Previously 

we reported a down-regulated amygdala activation with neurofeedback in both the 

experimental and the control group (Paret et al., 2014). Here, we present brain 

connectivity analyses of the same sample, which complement and extend the results 

from Paret et al. (2014). As discussed by Paret et al. (2014), it might have been evident 

to subjects that the task was about the down-regulation of emotions and hence, they 

might have engaged in emotion regulation which is known to be associated with 

amygdala regulation (Buhle et al., 2014; Diekhof et al., 2011). It is also interesting to 

note that alterations of amygdala-vmPFC connectivity were no longer observed in the 

transfer run, where we had earlier found evidence for successful (right) amygdala down-

regulation in the experimental group (Paret et al., 2014). This evidence at hand, it can be 

concluded, that the alterations in brain connectivity revealed here are not necessary for 

successful amygdala down-regulation.  



The interpretation of the PPI analysis of the transfer run is limited by the small number 

of trials (5 trials per condition versus 15 trials in the neurofeedback runs), and effects 

might have been too weak to emerge in the analysis. Additionally, unspecific time 

effects which are not related to the neurofeedback presentation cannot be excluded 

when comparing results from the neurofeedback runs with the transfer run. 

4.2 Amygdala-vmPFC effective connectivity 

PPI analysis for functional connectivity uses a directed statistical model for the 

characterization of task-dependent connectivity effects, but does not suffice for 

interpreting the detected effects as task-dependent changes of causal influences. An 

additional DCM analysis extends the PPI findings by providing evidence that the 

bottom-up influence from the amygdala to the vmPFC is indeed the dominantly 

modulated direction. This is consistent with anatomical studies in primates showing that 

the rostral anterior cingulate and vmPFC (BA10) are predominantly receivers of 

amygdala input (Ghashghaei et al., 2007). Somewhat surprising, BMS favored a model 

with the vmPFC but not the amygdala as the entry node to the network and it may be 

speculated that the continuous presentation of visual neurofeedback information in the 

‘regulate’- and the ‘view’-condition was responsible for this finding. It should be noted 

that causal connections detected by BMS may be mediated by other regions, and other 

brain regions not included in the model configurations may mediate the influence of 

context variables. 

Neurons in the vmPFC and orbitofrontal cortex (OFC) are known to code emotional and 

motivational value as well as stimulus contingency (Grabenhorst and Rolls, 2011; 

O’Doherty et al., 2001; Rudebeck et al., 2013; Schoenbaum et al., 2011; Winecoff et al., 

2013). These signals can be used to guide behavior in the context of emotion (Rolls, 

2014) and may have an important role in cognitive emotion regulation (Diekhof et al., 

2011; Viviani, 2014). Furthermore, the rostral vmPFC including BA10 has an important 

function in higher order decision-making processes in humans (Grabenhorst et al., 2008; 

Grabenhorst and Rolls, 2011; Rolls et al., 2010). In sum, the connectivity results 

suggest that amygdala neurofeedback promotes neural information flow of affective 

value predominantly in direction from the amygdala to the vmPFC, consistent with the 

vmPFC as a site of affective value representation. This process is observed in states 



where subjects receive continuous amygdala feedback and deliberately engage in 

neurofeedback regulation. Though not necessary for amygdala regulation per se, these 

neural processes may support amygdala-neurofeedback dependent learning and might 

facilitate the tuning of amygdala self-regulation skills based on affective value 

information– a hypothesis to be addressed by future studies. Modulations of neural 

coupling of the amygdala with the vmPFC may be adaptive to meet increased demands 

of emotion regulation, e.g., because high-intensity negative pictures require more 

cognitive resources to cope with (Sheppes et al., 2014). This interpretation is supported 

by a significant correlation of picture arousal with alterations in connectivity, which 

may reflect flexible recruitment of the network dependent on affective intensity. It 

needs to be mentioned that correlation analyses do not permit inference of causality, and 

it is possible that stronger modulations of neural connectivity during training had a 

causal effect on the subsequent picture ratings. It is also thinkable, that between-subject 

differences in brain connectivity and arousal ratings are influenced by an unknown 

variable responsible for the observed correlation.  

Introducing a sham control group is informative with regard to the specificity of the 

neurofeedback. It may be argued, that the sham feedback interfered with emotion 

regulation processes, and this could have prevented an increase in functional 

connectivity. The lack of a difference in amygdala regulation between the groups speaks 

against this possibility. For corroboration, however, further studies are needed. 

4.3 Other functional connectivity changes 

The vlPFC together with the vmPFC and the amygdala  have been proposed to form a 

key network in the effective regulation of emotions (Ochsner et al., 2012; Wager et al., 

2008). In amygdala neurofeedback, the vmPFC may integrate arousal information from 

the central nervous system with neurofeedback information. Connections of the vmPFC 

with the amygdala and the vlPFC may provide the functional structure for the initiation 

of top-down processes for the control of limbic activity. This network is suggested to 

also include other PFC sites, as the neural regulation performance was better in subjects 

with strong amygdala-rostral PFC (BA10) connectivity. Subjects showing successful 

regulation increased amygdala-rostral PFC connectivity contrasting the ‘regulate’ to the 

‘view’ condition, emphasizing the potential role in implementing regulation in face of 



emotional stimuli. Though this result is consistent with current models of emotion 

regulation it should be considered preliminary, as the control group did not show this 

association. Future studies should try to replicate and investigate the specificity of the 

finding. As we did not assess effective connectivity of the vmPFC with both the visual 

cortex and vlPFC, and between amygdala and rostral PFC, interpretations on the 

direction of information flow are speculative and the model suggested above needs 

corroboration by an independent empirical study.  

5 Conclusions 

To conclude, functional connectivity of the amygdala with the vmPFC was altered by 

amygdala neurofeedback but not by feedback from a control region in healthy 

participants. Increased connectivity may reflect a boosted bottom-up exchange of 

emotion information. Changes in brain connectivity are supportive for a potential 

benefit of neurofeedback training to the treatment of dysregulated neural networks. This 

should be addressed in further investigations with patients with borderline personality 

disorder or posttraumatic stress disorder (Lanius et al., 2015; Schulze et al., 2015). 
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8 Figure Legends 

Figure 1. Schematic visualizing the neurofeedback loop. The BOLD signal change of 

the amygdala is recorded by fMRI and analyzed in real-time. With each new volume, 

information on the current activation level of the brain is available. Via a thermometer 

displayed to both sides of the picture, neurofeedback is returned to the participant, 

resulting in a closed loop. 

Figure 2. Right amygdala functional connectivity to vmPFC (BA10) is increased by 

amygdala neurofeedback in healthy participants. A) Group x Condition interaction 

analysis of PPI beta estimates. Image displays activation on sagittal slice of the 

canonical SPM template (p < .001, k > 10). Right is anterior. Crosshairs indicate 

location of peak voxel at [0,56,-11]. B) Group mean of PPI beta estimates at peak voxel 

from the experimental (white) and control group (grey) for the ‘regulate>view’-t-

contrast, N = 32. ** p < .01, *** p <. 001. Amy = amygdala, vmPFC = ventromedial 

prefrontal cortex. Error bars = SEM. C) Experimental group: variance of PPI beta 

estimates at peak voxel is predicted by arousal ratings. Line indicates linear association. 

R = Pearson correlation. 

Figure 3. Functional connectivity from the vmPFC is altered with the task-instruction in 

the experimental group. Clusters detected with the ‘regulate>view’ contrast at p < .05 

(corrected at cluster-level) in a) medial occipital cortex (x = -3), b) right vlPFC (x = 54), 

c) right hippocampus (x = 18). Displayed on sagittal slices of the canonical SPM 

template (p > .001, k > 51), crosshairs indicate peak coordinates. 

Figure 4. Increased right amygdala connectivity with the rostral PFC (BA10) is 

associated with better amygdala down-regulation in the experimental group. A) PPI beta 

estimates predicted by bilateral amygdala activation from ‘regulate>view’ contrast. 

Image displays activation on sagittal slice of the canonical SPM template (voxel p < 

.001, cluster p < .05). Right is anterior. Crosshairs indicate location of peak voxel at 

[3,62,16]. B) Illustration of the correlation of amygdala down-regulation with PPI beta 

estimates at the peak voxel. Line indicates linear association. 

Figure 5. Model number 5 was the winner model with Bayesian model selection. A) We 

tested nine models derived from different combinations of signal input (either in 

amygdala [amy], in vmPFC, or in both) and causal information flow (either from 



amygdala to vmPFC, vice versa, or in both directions) in the experimental group from 

study 1. Models one to nine are displayed with arrows indicating intrinsic information 

flow between the amygdala and vmPFC, and modulating input from the conditions 

(‘regulate’, ‘view’) on the network nodes and connections. B) The exceedance 

probability (xp) of each model is displayed in vertical bars, the grey bar indicates the xp 

of the winner model.  



9 Table legend 

Table 1. ‘Experimental group[regulate>view] > control group[regulate>view]’ contrast, 

voxel p < .001, k > 9. PPI beta estimates of the ‘regulate’- and ‘view’-condition were 

normalized to the ‘neutral’-condition (i.e., ‘regulate>neutral’, ‘view>neutral’), table 

indicates mean ± SEM. BA = Brodmann area, k = voxel count, coordinates in MNI 

system. Asterisk marks significant cluster at p < .05 (k > 54). SMA = supplementary 

motor area, iPC = inferior parietal cortex, vmPFC = ventromedial prefrontal cortex.  





Table 1. Regions with altered right amygdala functional connectivity with amygdala neurofeedback. 

 
BA 

peak voxel 
PPI beta estimates 

z-value k region Experimental Control 

 
x y z regulate view regulate view 

right SMA 6 9 -22 58 -0.02 ± 0.02 -0.09 ± 0.03 -0.09 ± 0.04 0.03 ± 0.03 4.15 22 

left superior frontal 
gyrus 

8 -12 32 58 0.26 ± 0.10 -0.25 ± 0.09 -0.07 ± 0.17 0.05 ± 0.16 4.01 44 

brain stem   -3 -28 -35 -0.02 ± 0.03 -0.12 ± 0.03 -0.10 ± 0.03 -0.05 ± 0.03 4.01 11 

left precuneus 23 -3 -61 19 0.00 ± 0.05 -0.14 ± 0.05 -0.21 ± 0.09 -0.04 ± 0.07 3.94 17 

vmPFC 10 0 56 -11 0.21 ± 0.07 -0.06 ± 0.13 -0.11 ± 0.13 0.10 ± 0.13 3.91 124* 

 left iPC 39 -39 -67 37 0.06 ± 0.07 -0.15 ± 0.07 -0.18 ± 0.09 -0.05 ± 0.10 3.84 46 

white matter/ right 
putamen/insula 

  33 -4 4 -0.05 ± 0.04 -0.10 ± 0.05 -0.18 ± 0.06 -0.03 ± 0.05 3.6 10 

 


