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Abstract The amygdala is a central target of emotion

regulation. It is overactive and dysregulated in affective

and anxiety disorders and amygdala activity normalizes

with successful therapy of the symptoms. However, a

considerable percentage of patients do not reach remission

within acceptable duration of treatment. The amygdala

could therefore represent a promising target for real-time

functional magnetic resonance imaging (rtfMRI) neuro-

feedback. rtfMRI neurofeedback directly improves the

voluntary regulation of localized brain activity. At present,

most rtfMRI neurofeedback studies have trained partici-

pants to increase activity of a target, i.e. up-regulation.

However, in the case of the amygdala, down-regulation is

supposedly more clinically relevant. Therefore, we devel-

oped a task that trained participants to down-regulate

activity of the right amygdala while being confronted with

amygdala stimulation, i.e. negative emotional faces. The

activity in the functionally-defined region was used as

online visual feedback in six healthy subjects instructed to

minimize this signal using reality checking as emotion

regulation strategy. Over a period of four training sessions,

participants significantly increased down-regulation of the

right amygdala compared to a passive viewing condition to

control for habilitation effects. This result supports the

concept of using rtfMRI neurofeedback training to control

brain activity during relevant stimulation, specifically in

the case of emotion, and has implications towards clinical

treatment of emotional disorders.
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PO-Box 1931, 8032 Zurich, Switzerland

e-mail: annette.bruehl@puk.zh.ch

A. B. Brühl
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Introduction

The amygdala is activated by negative and positive emo-

tional stimuli (Sergerie et al. 2008), and it is a central target

of emotion regulation (Ochsner et al. 2012). Cognitive

strategies such as reappraisal and reality checking can

reduce activity of the amygdala and related emotion

propagating brain regions in emotionally arousing situa-

tions (Ochsner et al. 2012; Diekhof et al. 2011; Buhle et al.

2013) particularly through top-down control of (dor-

so)medial prefrontal cortex [(D)MPFC, Herwig et al. 2007;

Hartley and Phelps 2010; Maren and Quirk 2004; Kalisch

2009; Delgado et al. 2008]. In affective and emotion reg-

ulation disorders, the amygdala is often hyperactive

(Hamilton et al. 2012; Etkin and Wager 2007; Schmahl

et al. 2006) and normalizes with successful treatment

(Quide et al. 2012). It has been suggested that voluntary

control of amygdala activity could represent a method to

strengthen emotion regulation and to treat affective and

emotion regulation disorders (Schmahl et al. 2006).

Real-time functional magnetic resonance imaging

(rtfMRI) can provide direct feedback information from the

activity of circumscribed brain regions, networks (Sitaram

et al. 2011) or from other physiological measures such as

connectivity (Lee et al. 2012; Koush et al. 2013). Subjects

can then use this information to learn to control the given

signal and in this way to regulate the underlying neural

activity (Cox et al. 1995; Goebel 2001; Sulzer et al. 2013a).

Studies using rtfMRI neurofeedback have shown that it is

possible to voluntarily self-regulate the activity of various

cortical and subcortical brain regions and subregions (for

review: Ruiz et al. 2013).

Voluntary up-regulation of amygdala activity has been

the target of multiple neurofeedback studies, despite evi-

dence that reducing activation may be more clinically

relevant. For instance, two studies focused solely on

amygdala for the purpose of up-regulation, using cognitive

strategies such as inducing a sad mood (Posse et al. 2003),

or contemplating positive autobiographical memories

(Zotev et al. 2011). More clinically-oriented research has

included amygdala up-regulation in the broader context of

the emotional network, for instance in healthy participants

(Johnston et al. 2010, 2011) and depressed patients (Linden

et al. 2012). Both studies in healthy subjects revealed

increased activity in the amygdaloid area due to neuro-

feedback, with a pronounced effect in the ventral striatum

in the studies using targets defined by the reaction to

positive stimuli (Johnston et al. 2011; Linden et al. 2012).

Participants in the above named studies trained amygdala

regulation in the absence of any stimuli. However, in

everyday life, many problems in mood and anxiety disor-

ders occur when patients anticipate or perceive emotional

stimuli, and this emotional experience is associated with an

increased activity and dysregulation of the amygdala.

Therefore, the voluntary down-regulation of the amygdala

during emotional stimulation might be a realistic model for

training emotion regulation and a potential novel path to

treat affective and related conditions. Similar approaches

have just recently been applied in smokers (Li et al. 2012;

Hanlon et al. 2013), when inducing craving by presenting

smoking-associated cues to the participants and then

training to reduce craving assisted by neurofeedback of the

anterior cingulate cortex. Informed by research on affective

disorders, we focused on the regulation of the amygdala

during emotional stimulation.

Since the amygdala is a bilateral structure, lateralization

of specific functions of the region, and thus self-regulation

of the putative unilateral area may be appropriate, but such

organized laterality is controversial. Meta-analyses on

emotion processing resulted in mixed findings, with some

showing stronger activations of the amygdala in one

hemisphere (Fusar-Poli et al. 2009), whereas others found

no clear general laterality effects (e.g. Sergerie et al. 2008;

Kober et al. 2008; Sabatinelli et al. 2011). Some studies

point to a preference of right amygdala to an early, rapid

and possibly more automatic detection of emotional stimuli

with less habituation and eventually a preferential reaction

to negative stimuli (Dyck et al. 2011; Baeken et al. 2010;

Sergerie et al. 2008), whereas the left amygdala is sup-

posed to be involved in more elaborate stimulus evaluation

and, for instance, more complex cognitive stimuli such as

semantic stimuli (Dyck et al. 2011; Sergerie et al. 2008). In

patients suffering from affective and anxiety disorders,

several meta-analyses have shown similarly mixed results

(stronger activity on the right side: Groenewold et al. 2013;

Fitzgerald et al. 2008; Hattingh et al. 2013; Etkin and

Wager 2007, left side: Sacher et al. 2012, bilateral: Ham-

ilton et al. 2012). Due to our focus on regulation of early,

less elaborate reactions to ‘hard-wired’ stimuli as well as

the potential future transfer to patients with affective dis-

orders, we selected the right amygdala as our target region.

As such, our goal was to develop and examine the

feasibility of using online neurofeedback to assist partici-

pants in self-reduction of amygdala activity. In addition to

neurofeedback, six healthy participants were exposed to

negative faces as emotional stimulation, a robust technique

for eliciting amygdala activation (Breiter et al. 1996;

Whalen et al. 1998, meta-analysis: Sabatinelli et al. 2011),

with a supposed ‘‘hard-wired’’ evolutionary basis (Liddell

et al. 2005; Emery 2000; Adolphs 2008). We used color-

based instead of motion-based feedback typical in rtfMRI

studies (Sulzer et al. 2013a), since it may interfere with

attention to the most salient aspects of emotional facial

stimuli (i.e. eyes and mouth) for amygdala activation (e.g.

Ellis 1975; Morris et al. 2002; Adolphs et al. 2005). As

this study aimed at proving the principle of rtfMRI
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neurofeedback-assisted training during emotional stimula-

tion, we examined the effects of repeated training sessions

on the individual ability to down-regulate the amygdala in

contrast to a ‘‘view’’ condition without regulation. We

hypothesized enhanced downregulation of right amygdala

activity in the ‘‘regulate’’ compared to the ‘‘view’’ condi-

tion over four rtfMRI neurofeedback training sessions.

Materials and Methods

Participants

We examined six healthy participants (4 female, 2 male,

mean age 26 years, standard deviation 3.8 years). The

participants were recruited via personal contact and email-

lists. All participants were healthy, as was assessed with

semi-structured interviews and checklists [abbreviated

version of the mini neuropsychiatric interview (MINI,

Sheehan et al. 1998)] performed by an experienced psy-

chiatrist (ABB). Exclusion criteria were prior and current

neurological and psychiatric illnesses; pregnancy; intake of

any medication (except for oral contraceptives) or psy-

chotropic drugs including excessive consumption of alco-

hol (regular intake of[7 units/week), cigarettes ([1 pack/

day) and caffeine ([5 cups/day) and general contraindi-

cations against MRI examinations. After each feedback

run, subjects were asked via microphone regarding

drowsiness and tiredness. We further interviewed the par-

ticipants after each completed session in a structured

interview on drowsiness and tiredness, general feelings,

specific experiences and the strategies used for regulation.

Each subject completed four sessions. The mean period

between sessions was 6.8 days. The study was approved by

the ethics committee of the canton of Zürich and conducted

in compliance with the declaration of Helsinki (World

Medical Association 2008). All participants gave written

informed consent and received financial compensation.

Experimental Task

Functional Localizer (Fig. 1a)

The amygdala was first localized functionally in each

participant in each session. Participants were presented

negative emotional faces from the Karolinska Directed

Emotional Face Set (Lundqvist et al. 1998) and, for con-

trast, neutral and low arousing pictures from the Interna-

tional Affective Pictures System (IAPS, Lang et al. 2005)

for individually localizing the amygdala. Non-facial neu-

tral pictures from the IAPS were chosen to increase the

contrast to the negative emotional pictures with respect to

amygdala activation (Sabatinelli et al. 2011). Pictures were

presented in a blocked design with 10 pictures in each

block, each shown for 2 s. After each block a baseline

period (fixation cross) of 30 s allowed the blood oxygen

level dependent (BOLD) signal to level off before the next

condition (total duration of the localizer: about 6 min). In

each block, pictures of the same gender and the same

emotional valence were presented. To achieve intensive

activation of the amygdala in the localizer, only fearful, sad

and angry expressions were shown. Subjects were

instructed to passively observe the pictures. In total, nine

trials of pictures and baseline were shown in a pseudo-

randomized counterbalanced order, three depicting neutral

pictures, and six with emotional faces.

Feedback Task (Fig. 1b)

The feedback task (Fig. 1b) was constructed similar to the

localizer task in a blocked design, but without neutral IAPS

stimuli. Each single feedback period consisted of emotional

faces of the same gender and the same emotional valence

(angry, fearful). Within one run, 16 periods of 20 s duration,

each containing 10 pictures of 2 s duration, total duration of

a run about 12 min, were shown. Prior each period, a short

written instruction (‘‘view’’, ‘‘regulate’’, duration 1 s) was

given on the screen. After each single feedback period a

baseline period (fixation cross) was implemented for 29 s

(baseline ? instruction = 30 s). Each run consisted of six

periods of the ‘‘view’’ conditions and ten periods of the

‘‘regulate’’ conditions. This increased weighting of the

‘‘regulate’’ condition was chosen to reduce habituation and

to improve training effects. Due to the length of the total

measurements and the task, we asked the participants after

each run about their subjective tiredness and drowsiness.

Depending on their response, they performed two or (opti-

mally) three feedback runs in each session (mean number of

feedback runs per session: 2.42). Pictures were randomized

and in each session 50 % of the pictures were ‘‘new’’, prior

unseen pictures to prevent habituation and effects of

familiarity. Feedback of amygdala activity was recorded

from the region identified in the localizer task and was given

to the participant during both ‘‘regulate’’ and ‘‘view’’ con-

ditions in form of changing colour of blocks on both sides of

the pictures. They were positioned bilaterally at the height of

the eyes of the depicted faces to avoid distraction to either

side or otherwise away from the eyes (the most significant

aspects of faces). Although previous rtfMRI studies use

motion-based feedback (Sulzer et al. 2013a), the distraction

from the stimulation provided by the motion was not

appropriate for this study.
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Task Instruction

Prior the first session, all participants were given written

instructions and were informed on the 4–6 s delay of the

feedback reaction due to the delay of the hemodynamic

response function. Participants were instructed to apply

cognitive control by reality checking such as ‘‘these are

pictures, these are actors, this is an experiment’’ (Herwig

et al. 2007). After each session, subjects were interviewed

on the used strategies, their experiences and subjective

performance during feedback and regulation.

Image Acquisition

Imaging was performed with a 3.0 T Philips Achieva Scan-

ner (Philips Medical Systems, Best, The Netherlands,

equipped with an 8-channel receive head-coil array). Echo-

planar imaging was performed for functional MR imaging

[repetition-time (TR)/echo-time (TE) 2,000/25 ms, 30

sequential axial slices, whole brain, slice thickness: 3.0 mm,

gap 1.1 mm, field of view (FOV): 240 9 240 mm, matrix

80 9 80 voxel, resulting voxel size: 3 9 3 9 3 mm, axial

orientation, SENSE-factor: 2.0]. The localizer run consisted

of 170 volumes, the feedback runs of 330 volumes each.

High-resolution 3-D T1 weighted anatomical volumes were

acquired (TR/TE 6.73/3.1 ms; voxel size 1 9 1 9 1 mm,

145 slices, axial orientation) for coregistration with the

functional data. Stimuli were presented via digital goggles

(Resonance Technologies, Northridge, CA, USA).

FMRI Analysis and Statistics

Online Real-time Analysis and Statistics

Functional data were analyzed online during fMRI with

Turbo Brain voyager (TBV) Version 3.0.0 (Brain Innova-

tion, Maastricht, NL, USA). The processing has been

described previously (Goebel 2001; Caria et al. 2010).

Real-time data analysis comprised incremental 3D motion

detection and correction and drift removal and resulted in

incrementally computed statistical maps based on the

general linear model (GLM) and event-related averages.

These analyses were performed in native space.

After the localizer scan, a region of interest (ROI) was

placed in the anatomical region of the right amygdala

extending over 3 slices (=9 mm) using a t-value threshold

of 2.0. The size and centers of these localizer ROIs are

given in Table 1. The individual maximal activation for the

calculation of the colour range for the feedback was

determined from the event related averaging of the indi-

vidual amygdala ROI. This event-related average is cal-

culated by TBV in parallel to the typical averaging

Fig. 1 Tasks and coding of amygdala activity Tasks for localization (a) and feedback (b) of amygdalar activity. The colors indicate the activity

of the respective amygdala ROI (c) (Color figure online)
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performed in the analysis of event-related potentials

according to the formula (value baseline)/baseline. As the

sessions were each separated by about a week, we deter-

mined the specific ROIs individually for each session. The

BOLD signal of these ROIs was extracted during the

feedback sessions by TBV and then transferred to Visual

Studio, where the information was converted into the

change of the color blocks as described above.

To provide a sensitive and also reliable and informative

feedback of the brain activity and the effects of regulation,

we fitted the range of the feedback colours to the individual

maximal activation. The inter-individual variability of

stimulus-related BOLD responses can vary by a factor of

more than two (e.g. Liu et al. 2011, Handwerker et al.

2004, Raemaekers et al. 2012). Using a fixed assignment of

% signal change to a colour would in participants with a

high amplitude of BOLD signal change have resulted in

quickly reaching the ceiling of the colour spectrum but not

getting a fine-grained feedback on their performance,

whereas in participants with a low amplitude their activa-

tion and regulation would have been represented by only

slight colour changes in the blue-violet colour range.

Therefore, we computed the individual reactivity of the

amygdala from the localizer using the average percent

signal change from baseline in the chosen amygdala ROI.

This was entered in the computation of the range of colours

of the feedback blocks as maximum value (=bright orange),

determined on a subject-wise basis during the localizer.

The feedback was first normalized based on the percent

signal increase from the previous baseline condition (last

five volumes), then three-point averaged (averaging the

current value with the previous two) to reduce noise and

strong fluctuations of the feedback (in parallel to Sulzer

et al. 2013b). This feedback signal was computed and

presented by custom-made software running on Visual-

Studio� (Microsoft, Redmond, WA, USA).

Offline Analysis and Statistics

After scanning, the acquired images were processed offline

using BrainVoyagerQX 2.4 (Brain Innovation, Maastricht,

NL, USA, Goebel et al. 2006). Standard preprocessing with

BrainVoyagerQX included motion correction, slice scan-

time correction, high-frequency temporal filtering and

removal of linear trends (as described in Herwig et al.

2007). All individual functional datasets were checked for

excessive head movements (datasets would have been

excluded if sudden movements exceeded 3 mm in any

direction, however no datasets exceeded this limit). Func-

tional data were co-registered with the individual T1-

weighted 3D structural data, resulting in a functional

dataset. Structural and functional data were transformed

into Talairach space and spatially smoothed with a 4 mm

full-width half-maximum Gaussian kernel for subsequent

within- and between-subject analysis. The relatively small

kernel was chosen with respect to the small size of the ROI.

Standard GLM analysis was performed using three

regressors of interest (rest, regulate and view) convolved

with the hemodynamic response function, and six head

movement regressors representing translation and orienta-

tion as regressors of no interest.

Learned regulation was determined as a significant lin-

ear decrease in ROI activity over sessions. The primary

outcomes, amygdala parameter estimates (beta values),

were extracted from the defined functional area within the

right amygdala, adapted to each session. The anatomical

area of the amygdala was defined based on structural

images, confirmed using the Talairach client (Lancaster

et al. 2000) and the Talairach atlas (Talairach and Tour-

noux 1988), and confined to a 20 9 20 9 20 mm volume.

Beta values were then extracted from functional ROIs,

obtained from the contrast ‘‘view [ regulate’’ in each

session for each participant, with a statistical threshold of

p \ 0.005 (uncorrected, Talairach-coordinates and size:

see Table 2). Comparing the ‘‘regulate’’ to the ‘‘view’’

Table 1 Localizer regions of interest (ROIs). Given are the Talairach

coordinates of the center

Subject

no.

Session Talairach

X/Y/Z

Vol

(mm3)

% Signal change

localizer

01 1 19/-1/-12 478 1.0

2 18/-6/-9 1,996 0.8

3 23/-1/-14 2,083 0.8

4 21/-1/-11 477 1.0

02 1 23/-6/5 1,798 1.2

2 19/-2/5 2,151 2.0

3 21/-2/4 918 1.5

4 23/-8/5 2,269 1.7

03 1 26/1/-11 1,064 1.3

2 22/-5/-10 2,772 1.2

3 27/-4/-12 963 1.0

4 21/1/-8 659 1.4

04 1 19/1/-8 797 1.0

2 21/2/-7 124 0.7

3 -19/-10/-8 224 1.0

4 -22/-5/-9 242 0.5

05 1 20/-5/-10 442 1.8

2 20/-0/-11 623 1.8

3 24/-1/-11 275 1.8

4 21/0/-15 862 1.0

06 1 25/6/-12 363 0.8

2 27/4/-13 891 0.8

3 22/2/-11 354 0.7

4 24/-2/-13 1,223 0.6
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condition instead of a comparison to ‘‘rest’’ ensured control

for the stimulation and its associated effects, as well as

habituation to the environment, habituation to the stimuli

and effects of exhaustion and drowsiness. The beta values

were then used in a single factor (session, four levels)

repeated measures ANOVA, controlling for the varying

size of the amygdala ROI, including confirmation of nor-

mality (Kolmogorov–Smirnov) and sphericity (Mauchly)

using SPSS 21 (IBM, Armonk, NY, USA). Post-hoc two-

tailed paired t-tests and effect sizes (Cohen’s d) were cal-

culated in those comparisons where the main effect of

session was significant.

Secondary post hoc repeated measures analysis was

conducted on a DMPFC ROI to examine whether learned

down-regulation also involved central emotion regulation

network represented by the DMPFC (Buhle et al. 2013;

Kalisch 2009; Diekhof et al. 2011). To test for related

effects in the left amygdala, we also analyzed activation in

an anatomically defined cubic ROI (edge length 9 mm,

volume 729 mm3) in the left amygdala centered at x/y/

z = -19/-8/-15 using repeated measures analyses and

bivariate correlations with the respective beta values of the

right amygdala ROIs. Furthermore, to test for non-specific

effects of training and repeated exposure to the task in

rather unrelated brain regions, we also computed post hoc

repeated measures analyses on ROIs positioned in the

primary visual (V1) and somatosensory (S1) cortex. The

DMPFC was individually defined due to the contrast

‘‘view [ regulate’’ according to literature (Buhle et al.

2013; Kalisch 2009; Diekhof et al. 2011). The sum of the

individual ROIs covered the medial and superior frontal

gyrus (Brodmann area 6, placed around the mean (SD)

center coordinates x/y/z = -2 (7.1)/-5 (8.8)/57 (8.6),

maximal extension: x = 13 to -18/y = 12 to -23/

z = 38–70); mean size 2,795 mm3 [60–7,989 mm3 (Sup-

plemental Fig. 1)], bordering caudally to the anterior and

middle cingulate cortex (BA 31, 32), frontally to the upper

part of the superior frontal gyrus (BA 6) and occipitally to

the precentral gyrus (BA 4). Both V1 and S1 were defined

using spherical ROIs, the former centered at x/y/

z = ±11/-90/-3, (16 mm diameter) and the latter at x/y/

z = ± 33/-24/62 (10 mm diameter).

Modulatory effects of neurofeedback on amygdala

activity were investigated using a psychophysiological

interaction analysis (PPI, Friston et al. 1997), with the

expectation that neurofeedback modulates connectivity

Table 2 Reduced activity in the contrast ‘‘regulate [ view’’ (p \ 0.005) in the amygdala in each subject and each session (paired t test)

Subject no. Session Talairach X/Y/Z Vol (mm3) r [ v beta weights mean (SE) r [ v t/p

01 1 27/-4/-6 849 -0.528 (0.089) -5.93/\0.000

2 24/-8/-9 2,097 -0.657 (0.091) -7.21/\0.000

3 21/-4/-15 3,716 -0.847 (0.096) -8.83/\0.000

4 27/1/-18 1,777 -0.905 (0.117) -7.71/\0.000

02 1 16/-9/-18 181 -0.461 (0.093) -4.98/\0.000

2 19/-1/-18 2,637 -0.637 (0.094) -6.75/\0.000

3 22/4/-22 1,634 -0.681 (0.093) -7.32/\0.000

4 23/9/-5 264 -0.738 (0.115) -6.39/\0.000

03 1 19/-3/-11 1,396 -0.795 (0.094) -8.43/\0.000

2 16/-5/-14 4,138 -0.95 (0.094) -10.10/\0.000

3 17/-4/-10 1,540 -0.616 (0.096) -6.38/\0.000

4 18/-2/-11 1,319 -0.879 (0.117) -7.54/\0.000

04 1 30/-7/-25 72 -0.32 (0.103) -3.11/0.002

2 17/-4/-22 298 -0.359 (0.089) -4.04/\0.000

3 22/2/-17 362 -0.428 (0.111) -3.86/\0.000

4 29/4/-19 501 -0.668 (0.157) -4.26/\0.000

05 1 24/0/-16 73 -0.327 (0.111) -2.95/0.003

2 25/3/-12 28 -0.522 (0.113) -4.61/\0.000

3 15/-2/-19 313 -0.651 (0.111) -5.87/\0.000

4 24/7/-26 120 -0.515 (0.171) -3.02/0.002

06 1 21/-2/-13 378 -0.805 (0.113) -7.14/\0.000

2 19/-5/-22 2,178 -0.905 (0.113) -8.04/\0.000

3 18/-1/-20 1,181 -0.848 (0.110) -7.73/\0.000

4 13/0/-19 1,899 -0.945 (0.108) -8.76/\0.000
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between the amygdala and DMPFC (Kanske et al. 2011).

As typical in a PPI analysis, time courses for each amyg-

dala ROI were extracted, followed by its dot product with

the two task regressors (i.e. view and regulate). The

interaction regressors of interest were included in a design

matrix along with task, seed region time course, and head

movement regressors of no interest. PPI analysis of each

subject was restricted to the DMPFC ROI obtained earlier.

The resulting beta values were extracted from the DMPFC

and evaluated for significant changes using a repeated-

measures ANOVA.

Results

The subjects used mostly cognitive (i.e. reality check) and

attentional strategies (thinking about something else,

thought distraction).

There was no significant effect of session on the size of

the amygdala ROI resulting from the localizer session

[F(3,15) = 0.119, p = 0.747, partial g2 = 0.029] as well

as no significant linear effect of session on the activity

of the amygdala during the localizing session

[F(3,15) = 1.220, p = 0.320, partial g2 = 0.196]. The

respective regions were then used as source of the feedback

signal. The analysis of probabilistic overlap between these

feedback ROIs revealed a maximal probabilistic overlap of

50 %, and at a threshold of [35 % overlap we found one

cluster centered at x/y/z = 20/-2/-12 with a volume of

145 mm3.

The average (SD) Talairach coordinate of all ROIs used in

the analysis of the regulation effect of all subjects and sessions

was x = 21 (4.5), y = -1 (4.6), z = -16 (5.6), mean size

1,213 mm3. The repeated measures ANOVA on the beta

weights of the contrast ‘‘view [ regulate’’ in the right amyg-

dala ROI revealed a significant main effect of the factor session

[F(3,12) = 4.771, p = 0.021, partial g2 = 0.544]. The repe-

ated measures ANOVA on this contrast in the DMPFC ROI

was not significant [F(3,15) = 0.638, p = 0.576, partial

g2 = 0.120]. The effect of ‘‘session’’ on amygdalar activity

during the viewing condition alone (beta-weights calculated

against baseline) was not significant [F(3,15) = 0.466,

p = 0.525, partial g2 = 0.085]. The detailed analysis of the

main effect of the ‘‘session’’ in the amygdala ROI showed that:

a) all subjects managed down-regulation of amygdala

activity assisted with rtfMRI neurofeedback during

stimulation with negative emotional faces (Fig. 2a, b,

Table 2) and

b) this down-regulation increased and therefore improved

significantly from session 1 to 4 [two-tailed paired

t test: t(5) = -4.924, p = 0.004, mean differ-

ence = -0.236, standard deviation = 0.117, effect

size d = 1.34, mean change 30 %, Fig. 2a, Table 1].

On the individual level, this effect was significant in

five of the six subjects, only in one subject the trend-

line over all sessions did not significantly differ from

zero slope (Fig. 2b).

In the single individual datasets, the DMPFC was more

active during regulating versus passive viewing in 23 of 24

sessions, but without a significant and consistent effect of

repeated training.

The post hoc analysis of correlations between right

amygdala and the anatomically placed left amygdala ROI

showed rather high correlations in the viewing condition of

the corresponding sessions (mean r = 0.71, ranging from

0.47 to 0.92), whereas the correlations in the regulate

condition were lower and more variable (mean r = 0.36,

ranging from 0.14 to 0.81). There was no significant effect

of the factor ‘‘session’’ in the repeated measures ANOVA

in the left amygdala ROI (Table 3).

The repeated measures ANOVA in the other ROIs

revealed no significant effect in either condition (Table 3).

Fig. 2 Effect of real-time fMRI neurofeedback training over four

sessions in the right amygdala increasing ability to down-regulate

amygdala activity during stimulation with negative facial expressions.

a In the whole group (mean ? standard deviation), b individual

values and trend-lines (black dotted line trend-line). Given are the

beta-weights of the contrast ‘‘view [ regulate’’
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There was no significant linear effect of the factor ‘‘ses-

sion’’ on size of the amygdala ROI used in the post hoc

analysis of the feedback session [F(3,15) = 1.176,

p = 0.339, partial g2 = 0.227]. Within the participants,

the sizes of the localizer ROIs and of the post hoc ROIs of

the feedback sessions were not significantly different

[t(23) = 1.128, p = 0.271]. There was no significant effect

of the training on PPI between the amygdala and the

DMPFC ROIs during the ‘‘regulate’’ condition

[F(3,15) = 0.018, p = 0.899, partial g2 = 0.004] as well

as during the ‘‘view’’ condition [F(3,15) = 2.51,

p = 0.638, partial g2 = 0.048].

Discussion

To our knowledge, this study is the first one to introduce

the concept of rtfMRI neurofeedback training for the

down-regulation of the amygdala during stimulation with

emotionally negative contents. Repeated training success-

fully enhanced the subjects’ ability to down-regulate their

own amygdala activity while being stimulated with nega-

tive emotional faces. Down-regulation of the right amyg-

dala in all subjects in the first session is in parallel with

previous studies on emotion regulation, showing reduced

emotional arousal on the physiological (Ochsner and Gross

2005) and the neural level, particularly the amygdala

(Herwig et al. 2007; Kanske et al. 2011; Herwig et al.

2010; Diekhof et al. 2011; Maren and Quirk 2004). How-

ever, effects in the first session cannot be specifically

attributed to neurofeedback effects, but have been shown

before (e.g. Ochsner and Gross 2005; Phan et al. 2005;

Herwig et al. 2007) with cognitive emotion regulation

strategies such as reality check. Indeed, the improved

down-regulation across the sessions, comparing ‘‘view’’

and ‘‘regulate’’ condition, implies a specific training effect

of the neurofeedback compared to the purely psychological

application of emotion regulation strategies.

Habituation effects, e.g. to stimuli and scanning, would

have resulted in a reduced amygdala activation in the

‘‘view’’ condition, which served as an internal control

condition (and where we found no effect of the factor

session). Habituation could therefore have rather dimin-

ished the down-regulation and training effect in the present

study design. Additionally, ensuring that 50 % of pictures

during each session had not been seen previously, primarily

counteracted possible habituation.

The results in the amygdala support the feasibility of

rtfMRI neurofeedback training for emotion regulation

training. Models of emotion regulation might have sug-

gested an increase of prefrontal cortical activations over the

sessions (Diekhof et al. 2011; Ochsner et al. 2012; Maren

and Quirk 2004). The DMPFC was active during regula-

tion, but without a consistent modification across the ses-

sions. We also found no changes in connectivity between

DMPFC and amygdala over sessions. Therefore, there is

insufficient evidence to support the hypothesis that the

central emotion network is involved in this training of self-

regulation. This could possibly be explained by the sub-

jects’ different and adapting strategies, which could have

reduced and interfered with localized effects of learning on

brain activity. Studies on brain changes during training and

Table 3 Results of the repeated

measures GLM in the other

ROIs (main effect of the factor

‘‘session’’) during the regulation

and the viewing condition

All other ROIs were created

based on a priori anatomical

coordinates. In all ROIs,

normality and sphericity were

not violated (Kolmogorov–

Smirnov test and Mauchly test)
a Individual ROIs

ROI Talairach X/Y/Z F(3,15) p Partial g2

Regulate condition

Dorsomedial prefrontal cortexa -2/-3/55 1.379 0.287 0.216

Visual cortex R (V1) 11/-90/-3 0.357 0.785 0.067

Visual cortex L (V1) -11/-90/-3 0.437 0.730 0.080

Sensory cortex R (S1) 33/-24/62 1.064 0.394 0.176

Sensory cortex L (S1) -33/-24/62 0.118 0.948 0.023

Anterior insula/VLPFC R 34/16/4 2.063 0.148 0.292

Anterior insula/VLPFC L -34/16/4 2.716 0.082 0.352

Amygdala L -19/-8/-15 1.926 0.169 0.278

View condition

Dorsomedial prefrontal cortexa -2/-3/55 1.513 0.252 0.232

Visual cortex R (V1) 11/-90/-3 2.042 0.140 0.276

Visual cortex L (V1) -11/-90/-3 2.001 0.157 0.247

Sensory cortex R (S1) 33/-24/62 0.315 0.814 0.059

Sensory cortex L (S1) -33/-24/62 0.388 0.764 0.072

Anterior insula/VLPFC R 34/16/4 1.147 0.362 0.187

Anterior insula/VLPFC L -34/16/4 2.447 0.104 0.329

Amygdala L -19/-8/-15 1.161 0.357 0.189
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learning revealed early increased and more extended acti-

vations (Karni et al. 1995), which later, with consolidation,

decreased again (De Weerd et al. 2003). It is possible, that

weekly sessions did not capture the zenith of this curve.

Thus further research on the aspect of training emotion

regulation over time is needed. However, besides this

temporal issue it is possible that not so much the DMPFC

but perhaps other brain regions such as VMPFC or VLPFC

play a stronger role in this regulatory context. Due to the

limited power of our current study which focused on fea-

sibility aspects particularly with regard to the amygdala

further analyses should be carried out in future studies in

larger samples.

The main limitation of this study is the lack of a control

group performing only emotion regulation without con-

tingent feedback. Therefore, we cannot exclude that some

of the effects are due to the repeated exertion of cognitive

control. Such investigations will be conducted in future

studies. Furthermore, due to the proof-of-concept character

of this study, we have not tested the transfer of the learned

abilities to another situation or task. This will be part of

future studies as well. Further limitations are the small

number of subjects and the lack of behavioral measures,

which was justified due to the main goal of a) proving

feasibility and the concept of real-time neurofeedback

assisted down-regulation of amygdala activity during

stimulation with negative facial expressions and b) proving

a training effect of repeated neurofeedback training ses-

sions. Another limitation of this study is the lack of mea-

sures of the actual gaze direction and of physiological

measures such as breath and heart rate. Prior studies have

particularly shown influences of breathing on BOLD

responses (Birn et al. 2009) which could have a con-

founding effect in our paradigm. Furthermore, measuring

gaze during the task using eye-tracking techniques could

ensure that participants did not influence amygdala activity

by changing gaze. However, negative facial expressions,

particularly of fear and anger, have been shown to activate

the amygdala reliably even if presented subliminally. We

have tried to overcome this problem by giving the feedback

on both sides of the stimuli and by instructing the partici-

pants to focus on the centers of the faces, where further-

more the eyes are positioned as most biologically

significant parts of the face (Kret et al. 2013). A marked

diversion of gaze would in addition have resulted in

reduced activation in the primary visual cortex and also in

the left amygdala (which was both not found in the current

study). In addition, we cannot completely rule out that

subjects possibly changed their centre of focus away from

the faces and towards the feedback stimulus. However,

such processes might possibly have taken place in a similar

way in the view condition. The rather quick change of the

faces should furthermore have attracted the attention and

visual focus back to the stimuli.

As such, this pilot study is the first combining stimula-

tion and feedback of the amygdala with the instruction to

use emotion regulation strategies to reduce amygdala

activity. This approach more closely resembles emotion

regulation in emotionally activating or even stressful situ-

ations than previous studies aiming at up-regulating

amygdala activity (Posse et al. 2003; Zotev et al. 2011).

Future studies should address aspects of ‘‘dosage’’ (dura-

tion and number of sessions) of rtfMRI neurofeedback and

optimal integration into established therapies. Furthermore,

more extensive research on the question of lateralization of

amygdala activation and regulation is necessary, because

the available data on lateralization of emotion processing in

healthy participants and in patients with affective disorders

are not compelling.

Thus, our study introduces the concept of supporting

amygdala regulation during stimulation with rtfMRI neu-

rofeedback. Our data support the further development of

rtfMRI neurofeedback for improving amygdala regulation

as tool for training emotion regulation in affective disor-

ders. It could be used as add-on supporting psychotherapy

particularly of affective, anxiety and emotion regulation

disorders by improving, focusing, and consolidating indi-

vidually effective emotion regulation strategies.
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