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Abstract

Background—In participants with major depressive disorder(MDD) trained to upregulate their 

amygdala hemodynamic response during positive autobiographical memory recall with real-time 

fMRI neurofeedback(rtfMRI-nf) training, depressive symptoms diminish. This study tested 

whether amygdala rtfMRI-nf also changes emotional processing of positive and negative stimuli in 

a variety of behavioral and imaging tasks.

Method—Patients with MDD completed two rtfMRI-nf sessions(18 received amygdala rtfMRI-

nf, 16 received control parietal rtfMRI-nf). One week prior-to and following rtfMRI-nf training 

participants performed tasks measuring responses to emotionally valenced stimuli including a 

backward masking task(BMT), which measures the amygdala hemodynamic response to 

emotional faces presented for traditionally subliminal duration and followed by a mask, and the 

Emotional Test Battery(ETB) in which reaction times and performance accuracy are measured 

during tasks involving emotional faces and words.

Results—During the BMT, amygdala responses increased while viewing masked happy faces, 

but decreased to masked sad faces in the experimental versus control group following rtfMRI-nf. 

During the ETB, reaction times decreased to identification of positive faces and during self-

identification with positive words, and vigilance scores increased to positive faces and decreased 
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to negative faces during the face dot-probe task in the experimental versus control group following 

rtfMRI-nf.

Conclusions—rtfMRI-nf training to increase the amygdala hemodynamic response to positive 

memories was associated with changes in amygdala responses to happy and sad faces and 

improved processing of positive stimuli during performance of the ETB. These results may 

suggest that amygdala rtfMRI-nf training alters responses to emotional stimuli in a manner similar 

to antidepressant pharmacotherapy.
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Introduction

Major depressive disorder(MDD) is characterized by altered processing of positive and 

negatively valenced stimuli(1). These findings have been reported in behavioral studies in 

which memory and attention are enhanced for negative stimuli and reduced for positive 

stimuli in MDD relative to control participants(2–5), as well as in neurophysiological studies 

in which hemodynamic responses of limbic brain regions are increased to negative and 

decreased to positive stimuli in MDD relative to control participants(6–10). It is 

hypothesized that this pattern of responding to emotional information in MDD is critical to 

the onset and maintenance of the disorder(11–13). Emerging evidence suggests 

antidepressant drug treatments exert therapeutic effects, in part, by normalizing processing 

of emotional stimuli, resulting in increased memory for and attention to positive 

information(4, 14), increased amygdala activity to positive stimuli(8, 15), and decreased 

amygdala activity to negative stimuli(8, 16). Furthermore, antidepressant drugs have been 

shown to alter processing towards positive valence prior to changes in mood(17), consistent 

with changing emotional information processing being a potential mechanism of action. 

Cognitive therapies have also reported changes in limbic activity to positive and negative 

stimuli(18, 19) as well as reductions in negative cognitive biases(20), suggesting that 

changing emotional information processing is important for remission from MDD regardless 

of therapy type(cognitive or pharmacological).

Additional literature suggests the existence and importance of a normative positive 
emotional processing bias(21, 22) that may be supported by subcortical brain networks in 

healthy individuals(23). We recently developed an intervention for MDD that directly targets 

a neurobiological mechanism believed to contribute to this bias, real-time fMRI 

neurofeedback(rtfMRI-nf) training(24) of amygdala hemodynamic activity during positive 

memory recall. In a pilot study using this intervention, individuals with MDD successfully 

increased their amygdala hemodynamic response during positive memory recall, and this 

increase was associated with improvements in state-dependent measures of mood(25). In the 

first randomized double-blind clinical trial of amygdala rtfMRI-nf for MDD we found two 

rtfMRI-nf sessions resulted in large and significant clinical improvements relative both to 

baseline and a control group receiving rtfMRI-nf from a parietal region putatively not 

involved in emotion processing(26).
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The current study, conducted as a secondary analysis on data from a clinical trial of 

neurofeedback that has already been published(26), tested the specificity and 

generalizability of the intervention by examining the effects of rtfMRI-nf training on tasks of 

emotional processing known to be affected by antidepressant treatments–the backward 

masking task(BMT) and the Emotional Test Battery(ETB). Testing generalizability and 

specificity is a critical step for determining the clinical potential of this procedure(27). We 

hypothesized that the amygdala’s response to subliminally presented happy faces during the 

BMT would increase following rtfMRI-nf training and that accuracy would increase while 

reaction times decrease during tasks involving positive faces and words in the ETB.

Materials and Methods

Participants

Thirty-four right-handed, unmedicated adults ages 18–55 who met the Diagnostic and 

Statistical Manual of Mental Disorders(DSM-IV-TR)(28) criteria for MDD in a current 

major depressive episode completed the study. Volunteers, recruited from the community via 

advertisements, underwent screening evaluations at the Laureate Institute for Brain 

Research, including the Structural Clinical Interview for DSM-IV disorders(29). Exclusion 

criteria included current pregnancy, general MRI exclusions, serious suicidal ideation, 

psychosis, major medical or neurological disorders, exposure to medication likely to 

influence cerebral function or blood flow within three weeks, and meeting DSM-IV criteria 

for drug/alcohol abuse within the previous one year or for alcohol/drug 

dependence(excepting nicotine) within the lifetime. All volunteers were naive to rtfMRI-nf, 

gave written informed consent to participate in the study, and received financial 

compensation. The research protocol was approved by the Western Institutional Review 

Board.

Procedure

Participants were randomly assigned under double-blind conditions to the experimental 

group receiving amygdala rtfMRI-nf(n=18) or the control group receiving rtfMRI-nf from 

the left horizontal segment of the intraparietal sulcus(n=16) and completed four study visits. 

During the Baseline Visit(Visit 1) participants were administered the Montgomery-Asberg 

Depression Rating Scale(MADRS)(30), selected as the primary outcome, and performed the 

BMT during fMRI and the ETB immediately following completion of fMRI. Between 5–7 

days later participants completed their first rtfMRI-nf session(Visit 2), followed 5–7 days 

later by their second rtfMRI-nf session(Visit 3). During these sessions, participants were 

instructed to recall positive autobiographical memories in order to increase a red bar 

representing activity of the assigned region(amygdala or parietal). Details of the rtfMRI-nf 

procedure can be found in our previous publications(24–(26) and in the Supplement. The 

Follow-Up Visit(Visit 4) was completed 5–7 days following Visit 3 and was identical to the 

baseline Visit 1. The 21 item Hamilton Depression Rating Scale(HAM-D)(31) and Beck 

Depression Inventory(BDI-II)(32) were also administered at each visit(Table ST1)
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Backward Masking Task(BMT)

During fMRI participants performed a BMT that was previously validated in healthy and 

depressed participants as a paradigm that differentially alters hemodynamic activity in 

response to happy and sad face stimuli presented below conscious awareness(8). Prior to 

each of two 9min 8sec runs, participants were shown two “target” faces showing neutral 

expressions and were instructed to respond as quickly as possible via keypad to indicate if 

subsequent faces presented matched either target face based on identity(not emotional 

expression). Two face stimuli were consecutively presented for each trial; the first was 

“masked” by displaying it rapidly(26ms), and then followed immediately by the second 

“masking face”(shown for 107ms). Face stimuli were followed by a fixation cross for 

1866ms, and a 10–13sec interstimulus interval in which no stimulus was shown. In each run, 

48 stimulus pairs were presented in 6 trial types(sad/neutral, happy/neutral, neutral/sad, 

neutral/happy, neutral/neutral female, neutral/neutral male × 8 presentations each) using a 

pseudo-randomized, mixed-trial design(Figure 1). Each event type was gender matched. Two 

different stimulus face sets, equivalent on ratings of valence, were presented in a 

counterbalanced order for the baseline and follow-up sessions. Face stimuli were selected 

from the NimStim Set of Facial Expressions(33).

Image preprocessing and analysis were performed using AFNI(http://afni.nimh.nih.gov) and 

consisted of despiking, slice timing correction, and within-subject realignment. The 

anatomical image was registered to the first functional image then spatially normalized to 

the TT_N27 template using Advanced Normalization Tools with SyN method(34). The 

estimated warping parameter was used to normalize the functional images. The template 

image was resampled to 1.75 mm3 isotropic voxels, resulting in the spatially normalized 

image voxel size of 1.75mm3. Images were spatially smoothed using a 4-mm full-width at 

half-maximum Gaussian kernel. Voxel-wise, the fMRI signal was scaled to percent signal 

change relative to the mean signal across time. A general linear model analysis was 

performed using 3dDeconvolve. For each participant, the hemodynamic response to each 

event type was modeled with a delta function at the event onset and convolved with the 

gamma-variate hemodynamic response function. Regressors modeling the task, motion 

parameters, and 4th-order polynomial regressors were used in the model. Because masked 

and unmasked face pairs were presented too closely in time to model the response to each 

component separately, the data were modeled as event-related correlates of the combined 

stimulus pairs. The main effects of interest were presentation of sad/neutral(SN), happy/

neutral(HN), and neutral/neutral(NN) faces. Events with target faces of sad and happy in the 

unmasked position were also modeled separately and included in the design matrix. 

3dREMLfit was then used to generate the generalized least squares time series fit for each 

participant, and the output used for group comparisons.

We defined regions-of-interest(ROI) for the amygdala using the left and right Talairach 

amygdala masks provided within AFNI. For each participant, the 3dREMLfit output was 

resampled and the amygdala mask applied to calculate ROI percent signal change for the 

SN-NN and HN-NN conditions. The resulting percent signal change values were entered 

into a linear mixed effects model with the fixed factors of visit(Baseline, Follow-up), 

condition(HN-NN, SN-NN), lateralization(Left, Right), and group(Experimental, Control) 
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using SPSS 23(IBM Corp., USA). Autocorrelations were modeled with the ARMA1 

structure, as this minimized Akaike’s information criterion, with participant as the random 

effect. Associated t-tests were performed to characterize significant differences underlying 

main effects and interactions. For exploratory purposes, a supplementary whole-brain 

analysis was performed using 3dLME with the significance criterion set at p<0.05 

corrected(determined using AFNI 3dClustSim at voxel p<0.001 and the Spatial 

AutoCorrelation Function to address recent criticisms of the cluster method(35); this 

approach yielded a cluster size significance threshold >32 voxels; Table ST3).

Emotional Test Battery(ETB)

The P1vital® Oxford Emotional Test Battery consists of four tasks designed to measure 

emotional processing. These tasks were completed outside of the fMRI following 

completion of the BMT. For each task, two different stimulus face/word sets equivalent on 

ratings of valence were counterbalanced and used for the baseline and follow-up sessions. 

Significance testing for this battery was performed using a linear mixed effects model and 

the ARMA1 covariance structure set at p<0.003, Bonferroni corrected for 16 comparisons.

Facial Expression Recognition Task(FERT)—The FERT assesses interpretation of 

facial expressions. Faces with six different emotions(happiness, surprise, sadness, fear, 

anger, disgust) were taken from 10 individual characters from the Pictures of Facial Affect 

series(36) and morphed between each prototype and neutral in 10% steps(37). Four 

examples of each emotion at varying intensity levels were presented(6 emotions × 10 

intensities × 4 examples). Each face was also presented with a neutral expression(10 stimuli) 

giving a total of 250 stimulus presentations. Faces were presented in random order for 

500ms then replaced by a blank screen, during which participants had an unlimited time to 

select the expression on the face by pressing one of seven labeled keys. Happy and surprise 

faces were combined to create a score for Positive faces(as they show similar effects 

opposite to those of the negative faces both in previous studies(38, 39) and in the current 

dataset; Table ST2), and sadness, fear, anger, and disgust were combined to create a score 

for Negative faces, as has been previously used as primary outcome measures(40). Accuracy 

and reaction times for correct responses were measured and entered into a linear mixed 

effects model with the fixed factors of visit(Baseline, Follow-up), emotion(Positive, 

Negative), and group(Experimental, Control).

Emotional Categorization and Emotional Recall Tasks(ECAT, EREC)—The 

ECAT assesses speed to respond to positive and negative self-referent personality 

descriptors. Sixty personality characteristics selected to be disagreeable(e.g., hostile, untidy) 

or agreeable(e.g., honest, cheerful)(41) were presented for 500ms each. Participants 

categorized each trait as something they would like or dislike to overhear someone else 

referring to them as possessing, as quickly and accurately as possible. As the task is 

designed for ceiling levels of accuracy only reaction times for correct identification were 

measured and entered into a linear mixed effects model with the fixed factors of 

visit(Baseline, Follow-up), emotion(Positive, Negative), and group(Experimental, Control).
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The EREC measures encoding of the emotional stimuli during the ECAT. Fifteen minutes 

after completion of the ECAT, participants had 4min to recall as many of the personality 

traits as possible. The number of positive and negative words recalled were computed and 

analyzed for both correct and false responses. A linear mixed effects model was conducted 

using the fixed factors of visit(Baseline, Follow-up), emotion(Positive, Negative), and 

group(Experimental, Control) to assess the effects of the rtfMRI-nf intervention on accuracy 

and intrusions.

Faces Dot Probe Task(FDOT)—The FDOT measures attention to positive versus 

negative stimuli using reaction times. Pairs of photographs were presented comprising of 

either one emotional(happy or fearful) and one neutral facial expression or two neutral 

expressions. Faces appeared above and below a central fixation point. For unmasked trials, 

the pair was displayed for 100ms, and for masked trials the pair was displayed for 16ms then 

replaced with a scrambled face-mask for 84ms. For all trials, images were then replaced with 

a probe, located in the position of one of the stimuli. The probe consisted of a pair of dots 

either in a vertical(:) or horizontal(··) orientation, and participants selected the correct 

orientation. There were 32 happy+neutral, 32 fearful+neutral, and 32 neutral+neutral pairs 

for both unmasked and masked trials. Vigilance scores were calculated by subtracting 

reaction times from trials when probes appeared in the same position as the emotional 

face(congruent) from trials where probes appeared in the opposite position to the emotional 

face(incongruent). Higher vigilance scores(more positive) indicate more attention toward the 

emotional relative to the neutral face. A linear mixed effects model with the fixed factors of 

visit(Baseline, Follow-up), emotion pair(Positive/Neutral, Negative/Neutral), 

masking(Masked, Unmasked), and group(Experimental, Control) to asses the effect of the 

rtfMRI-nf intervention on vigilance scores.

Correlation Analysis

For all variables found to significantly differ between groups at follow-up, Pearson partial 

correlations were calculated between these variables and the change in MADRS score as 

well as neurofeedback success, controlling for baseline performance on these measures. 

Neurofeedback success was defined as the mean percent signal change in the amygdala ROI 

from the Baseline Neurofeedback Run 2 to the final Transfer Neurofeedback Run. Higher 

scores indicate more amygdala activity following training relative to baseline. Results are 

Bonferroni corrected for 12 comparisons, with significance set at p<0.004. Since some 

participants in the control group were able to increase their amygdala response, correlations 

were examined using data from both groups combined to increase variance and statistical 

power to detect associations. We viewed the relationship between changing amygdala BOLD 

activity and symptom severity as the most neurobiologically relevant outcome(irrespective 

of group assignment). Additional correlations between neurofeedback success and 

demographic characteristics, and baseline performance on the ETB and BWM can be found 

in the Supplement.
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Results

Demographic and Clinical Characteristics

The clinical results have been published previously(26). Briefly, the experimental and 

control groups did not differ at baseline on measured demographic or clinical 

characteristics(Supplementary Table S1). At follow-up the experimental group had 

significantly lower MADRS scores than the control group(experimental mean=12±9; control 

mean=22.0±8; t(32)=3.40, p<0.001, d=1.17), with six participants in the experimental group 

and one in the control group meeting criteria for remission at study end, yielding a Number 

Needed to Treat=4.

Backward Masking Task Amygdala ROI Analysis

For the linear mixed model The Condition × Visit × Group interaction was 

significant(F(1,182)=5.63, p=0.02; Figure 2). There was no main effect or interaction with 

laterality(Fs<1.05, ps>0.31), and therefore data obtained from the left and right amygdala 

were averaged for each contrast. Groups did not differ at baseline on amygdala activity 

during the SN-NN or HN-NN conditions(ts(32)<1.41, ps>0.17, ds<0.16). At follow-up, the 

experimental group had significantly lower amygdala activity during the SN-NN condition 

relative to the control group(t(32)=3.35, p=0.002, d=0.52) and higher amygdala activity 

during the HN-NN condition(t(32)=3.89, p=0.001, d=1.13). Paired-samples t-tests 

confirmed that amygdala activity did not change significantly from baseline to follow-up in 

the control group(ts(15)<0.44, ps>0.67, ds<0.20), but decreased significantly in the 

experimental group during the SN-NN condition(t(17)=3.13, p=0.003, d=0.91) and 

increased significantly during the HN-NN condition(t(17)=3.44, p=0.002 d=1.47).

Emotional Test Battery

Table 1 provides group means for each visit and each task of the ETB.

Facial Expression Recognition Task—When examining accuracy for the linear mixed 

model there were no interactions with Group(Fs>2.33, ps>0.14). Rather, there was a main 

effect of Emotion(F(2,126)=72.6, p<0.001), with neutral faces correctly classified more 

often than negative or positive faces(ts(33)>6.77, ps<0.001, ds>0.75), and positive faces 

correctly classified more often than negative faces(t(33)=8.50, p<0.001, d=0.91). There was 

also a main effect of Visit(F(1,32)=16.5, p<0.001) with performance during follow-up better 

than that during baseline(t(33)=4.01, p<0.001, d=0.40), showing a training effect.

When examining reaction time in the linear mixed model, there was a significant Emotion × 

Visit × Group interaction(F(2,134)=10.9, p<0.001). Groups did not differ from each other at 

baseline in reaction time to respond to faces of any emotion(ts(32)<1.03, ps>0.31, ds<0.26). 

At follow-up, the experimental relative to the control group had significantly reduced 

reaction times in response to positive faces(t(32)=3.64, p=0.001, d=0.83), but did not differ 

in reaction time to negative or neutral faces(ts(32)<1.26, ps>0.22, ds<0.32). Paired-samples 

t-tests confirmed that reaction times did not change from baseline to follow up in the control 

group(ts(15)<1.66, ps>0.12, ds<0.35). In the experimental group, reaction times decreased 
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significantly to positive faces(t(17)=4.60, p<0.001, d=1.22), but did not significantly change 

to negative or neutral faces(ts(17)<1.57, ps>0.14, ds<0.22).

Emotional Categorization and Recall Tasks—For the linear mixed model, there was 

a significant Emotion × Visit × Group interaction(F(1,82)=15.9, p<0.001). Groups did not 

differ from each other at baseline(ts(32)<0.99, ps>0.33, ds<0.24). At follow-up the 

experimental group had decreased reaction times relative to the control group to positive 

words(t(32)=3.57, p=0.002, d=0.87) but no response difference to negative 

words(t(32)=0.92, p=0.37, d=0.23). Paired-samples t-tests confirmed that reaction times did 

not change from baseline to follow up in the control group(ts(15)<0.95, ps>0.36, ds<0.14), 

but decreased significantly to positive words in the experimental group(t(17)=4.95, p<0.001, 

d=1.26), and did not change to negative words(t(17)=0.65, p=0.52, d=0.13).

When examining the recall of these words later during the session, for the linear mixed 

model there was a main effect of Emotion for both accuracy and intrusions(Fs(1,96)>18.6, 

ps<0.001) with negative words recalled more than positive(ts(33)=4.41, ps<0.001, ds>0.65; 

both accurately and for false positive intrusions). There was also a main effect of Visit for 

accuracy(F(1,96)=14.6, p<0.001) with performance at follow-up better than that at 

baseline(t(32)=4.25, p<0.001, d=0.46). There was no main effect of or interaction with 

Group for accuracy or intrusions(Fs)<0.82, ps>0.37).

Faces Dot Probe Task—For the linear mixed model, the Emotion × Visit × Group 

interaction was significant(F(1,169)=11.9, p=0.001; Figure 3). Groups did not differ from 

each other on vigilance scores at baseline(ts(32)>1.26, ps>0.22, ds<0.10). At follow-up, 

regardless of masking, vigilance to positive faces increased in the experimental relative to 

control group(t(32)=4.72, p=0.002, d=1.13), and decreased to negative faces(t(32)=4.50, 

p=0.003, d=0.64). Paired-samples t-tests confirmed that in the control group, vigilance 

scores did not change from baseline to follow-up(ts(15)<0.98, ps>0.34, ds<0.06) while in 

the experimental group vigilance scores increased to positive faces(t(17)=4.78, p<0.001, 

d=1.15) and decreased to negative faces(t(17)=4.12, p=0.001, d=0.64).

Correlations with clinical change and neurofeedback success

Controlling for all baseline scores, the change in amygdala activity to the HN-NN condition 

was significantly correlated both with the change in MADRS scores(r=−0.41, p=0.002 

Figure 4a) and neurofeedback success(r=−0.39, p=0.003 Figure 4b), while there was no 

correlation between the change in amygdala activity to the SN-NN condition and either of 

these measures(rs<0.11, ps>0.57). With respect to the ETB, the change in MADRS score 

was significantly correlated with the change in reaction time to positive words during the 

ECAT(r=0.39, p=0.004 Figure 4c) and with the change in vigilance scores to positive faces 

during the FDOT task(r=−0.44, p=0.002; Figure 4e), controlling for all baseline scores. 

Neurofeedback success was also significantly correlated with the change in reaction time to 

positive words during the ECAT(r=0.44, p=0.002; Figure 4d). No other correlation was 

significant with MADRS scores or neurofeedback success after controlling for baseline 

performance(rs<0.28, ps>0.15).
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Discussion

Results of this study suggest that in patients with MDD, neurofeedback training to increase 

the amygdala hemodynamic response to positive autobiographical memories results in a 

selectively altered pattern of amygdala responding to other emotional stimuli, and also 

affects multiple indicators of positive information processing. Our neurofeedback training 

only targets increasing the amygdala hemodynamic response during positive memory recall. 

Despite this focus, the amygdala response assessed in the BMT changed in the normative 

direction following training, evinced by an increased response to subliminally presented 

happy faces and a decreased response to subliminally presented sad faces(8).

This finding suggests that training the amygdala response in one direction(upregulate to 

positive) at least partly generalized to the processing of other types of emotional stimuli in 

the amygdala, and that patients learned to adaptively regulate their amygdala response rather 

than to increase it nonspecifically. We previously showed a crucial role for the mPFC in the 

successful up-regulation of amygdala BOLD activity(42). Thus we hypothesize that the 

enhancement of adaptive regulation through neurofeedback training involves synaptic 

plasticity changes within the amygdala-medial prefrontal cortex(mPFC) circuits. The role of 

distinct elements of this circuitry in enabling complex, bi-directional modification of 

emotional expression has been demonstrated in experimental animals(43). In humans as 

well, evidence suggests the mPFC can increase amygdala activity in response to salient 

stimuli in order to orient attention(44), or decrease amygdala activity in response to negative 

stimuli(45). Collectively, these findings suggest the amygdala rtfMRI-nf procedure provides 

an effective means of strengthening cortical connections to the amygdala, which can alter its 

function in either direction. Furthermore, the change in amygdala response to implicitly 

presented sad and happy faces following amygdala rtfMRI-nf appears analogous to that seen 

following antidepressant pharmacotherapy, which has reported increased amygdala activity 

in response to masked happy faces and decreased amygdala activity in response to masked 

sad faces following 8 weeks of treatment with sertraline(8).

Performance on ETB tasks also changed in a manner similar to that seen following 

antidepressant pharmacotherapy, with decreased reaction times following neurofeedback 

training to positive faces and words during the FERT and ECAT along with increased 

attention towards positive faces, and decreased attention towards negative faces, during the 

FDOT in the experimental relative to the control group. Decreased reaction times to positive 

words during the ECAT has been observed following short-term antidepressant drug 

administration in healthy(46) and depressed(4) individuals. Decreased vigilance to negative 

stimuli and increased vigilance to positive stimuli during the FDOT task has also been 

observed following short-term antidepressant treatment in healthy volunteers(47, 48). 

Reduced reaction time to identify positive emotional faces during the FERT has been found 

in depressed patients following treatment with transcranial direct current stimulation of the 

dorsolateral prefrontal cortex(49). The majority of these studies employed a cross-sectional 

design. The longitudinal within-subjects design of the current study allows us to extend this 

literature by replicating previous findings in a pre-post test design and further supporting the 

hypothesis that treatments for MDD changes positive emotional processing(17, 50).
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Though we replicated previous effects of antidepressant treatments on reaction times to 

emotional stimuli, we did not find any difference in accuracy or memory recall following 

neurofeedback. This could be evidence that neurofeedback training changes the automatic 

processing of emotional stimuli, as reaction times to positive stimuli decreased without 

affecting accuracy. However, this lack of effect could also be due to the test-retest practice 

effects in the longitudinal design employed in the current study, as accuracy during the 

FERT and EREC tasks increased in both the experimental and control group at follow-up. A 

previous study which used a within-subjects design to examine changes in FERT 

performance following antidepressant drug administration found an overall increase in 

accuracy. However the lack of a placebo control group precludes determination of whether 

increased accuracy was a practice effect that would have been observed in a placebo control 

group as well as the antidepressant groups(51). Future studies examining emotional 

processing changes using the ETB may benefit from employing placebo-controlled 

longitudinal designs to fully characterize the changes in emotional processing.

Though changes in the processing of negative stimuli were evident following neurofeedback 

training, with decreased amygdala activity to masked sad face presentations during the BMT 

and decreased vigilance scores to negative faces during the FDOT, only changes to positive 

stimuli were associated with measures of clinical improvement and neurofeedback success. 

This suggests that it is the enhancement of the processing of positive emotional information, 

rather than suppression of the processing of negative, that underlies the clinical effects of 

amygdala neurofeedback.

Several limitations merit comment. The entrance criteria resulted in a large proportion of 

patients being excluded(primarily due to medication status), limiting the generalizability of 

our findings. Additionally, the relatively small sample size limited statistical power to 

examine behavioral, demographic, or biomarker parameters that might moderate 

neurofeedback success. Further testing in larger samples is necessary to determine the sub-

populations for whom this intervention may be best suited.

In conclusion, amygdala neurofeedback training in individuals with MDD increases 

emotional processing of positive information and normalizes the amygdala response to 

emotional stimuli in a manner similar to antidepressant treatments. This result is consistent 

with the hypothesis that the mechanism through which amygdala neurofeedback training 

produces an antidepressant effect involves a change in positive emotional processing. It is 

possible that the efficacy of conventional therapies for MDD may be enhanced by 

neurocircuitry-based approaches that more specifically assist depressed individuals to 

enhance the processing of positive stimuli and events(12, 52). These results also support the 

clinical utility of fMRI amygdala neurofeedback training by showing that this training 

generalizes to other emotional stimuli and results in changes in amygdala activity and 

emotional processing that persists beyond the neurofeedback training sessions.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Design of the Backward Masking Task
(A) Two neutral target faces were shown prior to the start of each run in which participants 

were instructed to remember and determine whether subsequent face presentations matched 

the identity. (B) Two faces were shown as part of each trial presentation. Examples of the 

masked faces event types (SN, HN, NN) are shown with “N” placeholders to indicate the 

presentation of a neutral face.

HN = Happy/Neutral face presentation; ISI = interstimulus interval; NN = Neutral/Neutral 

face presentation; SN = Sad/Neutral face presentations
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Figure 2. Amygdala hemodynamic signal during the Backward Masking Task for each group 
and visit
Amygdala hemodynamic response was assessed using fMRI during exposure to: (A) masked 

sad face presentations (SN-NN condition) and (B) masked happy face presentations (HN-

NN condition).

Error bars indicate +/− one standard error of the mean. * indicates a significant difference 

from the corresponding baseline at pcorrected<0.05. # indicates a significant difference from 

the experimental group at pcorrected<0.05.

HN = Happy/Neutral face presentation; NN = Neutral/Neutral face presentation; SN = Sad/

Neutral face presentation
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Figure 3. Vigilance scores for Faces Dot Probe Task for each group and visit
Vigilance Scores for (A) negative relative to neutral facial expressions and (B) happy relative 

to neutral facial expressions.

Error bars indicate +/− one standard error of the mean. * indicates a significant difference 

from the corresponding baseline at pcorrected<0.05. # indicates a significant difference from 

the experimental group at pcorrected<0.05.
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Figure 4. Correlations between clinical and neurofeedback performance and changes in 
performance on the BMT and ETB
(A) Correlation between the percent change in MADRS scores from baseline to follow-up 

and the change in amygdala activity to masked happy face presentation(HN-NN condition) 

during the BMT. (B) Correlation between neurofeedback success (defined as the change in 

amygdala activity from the baseline neurofeedback run to the final neurofeedback transfer 

run) and the change in amygdala activity to masked happy face presentation (HN-NN 

condition) while performing the BMT. (C) Correlation between the percent change in 

MADRS scores from baseline to follow-up and the change in reaction time to positive faces 
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during the ECAT. (D) Correlation between neurofeedback success and the change in reaction 

time to positive faces during the ECAT e) Correlation between the percent change in 

MADRS scores from baseline to follow-up and the change in vigilance score to positive 

faces during the FDOT.

BMT= backward masking task; ECAT = emotional categorization task; ETB = emotional 

test battery; FDOT = faces dot probe task; MADRS = Montgomery-Asberg depression 

rating scale
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Table 1

Performance on the Emotional Test Battery

Experimental Control

Baseline Follow-up Baseline Follow-up

FERT

 Accuracy

  Positive 71.3(16.2) 75.6(4.29) 75.4(5.14) 75.6(5.25)

  Negative 60.3(9.81) 61.8(10.7) 61.8(8.35) 63.6(7.96)

  Neutral 84.2(18.6) 90.4(15.9) 86.3(12.1) 91.9(6.55)

 RT(in ms)

  Positive 1660(254) 1423(254)a 1674(188) 1623(226) b

  Negative 1400(305) 1356(305) 1465(162) 1440(203)

  Neutral 1462(434) 1379(292) 1458(311) 1347(309)

ECAT

  Positive 1060(164) 928(118) a 1032(124) 1060(178) b

  Negative 1069(222) 1087(229) 1116(166) 1136(201)

EREC

 Accuracy

  Positive 2.39(1.65) 3.28(1.81) 3.19(2.04) 3.25(1.23)

  Negative 3.33(2.14) 3.78(2.21) 3.43(2.16) 3.81(2.04)

 Intrusions

  Positive 1.17(1.34) 0.94(0.87) 1.63(1.89) 1.13(1.46)

  Negative 2.83(1.95) 2.22(1.73) 3.00(1.86) 1.62(2.5)

FDOT

 Masked

  Positive −5.28(29.6) 11.6(18.2) a −6.56(25.2) −7.81(32.8) b

  Negative 5.94(29.2) −16.0(24.2) a 9.00(35.6) 6.00(37.4) b

 Unmasked

  Positive −5.06(25.4) 35.3(22.6) a −6.94(43.8) −4.75(29.5) b

  Negative 14.4(27.1) −6.44(23.1) a 11.6(44.1) 8.88(29.6) b

Numbers in parentheses indicate one standard deviation of the mean.

a
indicates a significant difference from the corresponding baseline at pcorrected<0.05.

b
corrected indicates a significant difference from the experimental group at pcorrected<0.05.

ECAT = emotional categorization task; EREC = emotional recognition task; FDOT = faces dot probe task; FERT = facial emotion recognition task; 
RT = reaction time.
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