
 

Fig. 1. A) GUI screen with rtfMRI-nf bar (red) and 
target-level bar (blue). B) Experimental protocol with 
Rest, Happy, and Count condition blocks. C) Left 
amygdala (LA) target ROI for rtfMRI-nf. 

Fig. 2. A) Statistical maps of the CS vs HDRS correlation effect (p<0.01, uncorr).  
B) CS vs HDRS for the left rACC ROI. C) Statistical maps of the CS vs HDRS 
correlation effect for MiFG areas (no thresh). D) Left-right CS asymmetry for the 
MiFG ROIs vs HDRS. 
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Target audience: Researchers employing real-time fMRI neurofeedback for non-invasive brain neuromodulation, as well as persons interested in 
emotion regulation mechanisms and development of novel therapeutic approaches for major psychiatric disorders, particularly depression. 

Purpose: Real-time fMRI neurofeedback (rtfMRI-nf) [1] is a promising approach for emotional self-regulation training both in healthy subjects [2-4] 
and in patients with major depressive disorder (MDD) [5-7]. The left amygdala (LA) has been successfully used as a target for rtfMRI-nf during a 
positive emotion induction task [3,6,7]. Here we investigate effects of the amygdala rtfMRI-nf modulation that are specific to MDD, i.e. significantly 
correlate with the Hamilton Depression Rating Scale (HDRS) ratings. We introduce a connectivity slope (CS) as a voxel-wise slope of a linear trend 
in functional connectivity with LA across rtfMRI-nf runs. We then conduct analysis to identify brain regions showing correlations between CS and 
HDRS and to test whether functional connectivity deficiencies observed in MDD can be corrected with the rtfMRI-nf. 

Methods: Twenty four unmedicated MDD patients (13 in the experimental group, 11 in the control group) 
participated in the study, described in [7]. The experiments were performed on a GE Discovery MR750 3T 
MRI scanner with an 8-channel receive-only head coil. A single-shot gradient echo EPI sequence with 
FOV/slice=240/2.9 mm, TR/TE=2000/30 ms, SENSE R=2, image matrix 96×96, flip=90°, 34 axial slices, 
was employed for fMRI. The rtfMRI-nf was implemented using a custom real-time system with a neuro-
feedback GUI (Fig. 1A). It was based on fMRI activation in the LA target ROI (Fig. 1C) for the 
experimental group, and in the LHIPS target ROI (not shown) for the control group. The experimental 
protocol (Fig. 1B, see [6,7] for details) included seven runs, and each run (except Rest) consisted of 40-s 
blocks of Rest, Happy Memories, and Count conditions. For each Happy Memories condition, the 
participant was instructed to feel happy by evoking happy autobiographical memories, while trying to raise 
the level of the red rtfMRI-nf bar to that of the fixed target blue bar (Fig. 1A). The height of the target bar 
was increased in a linear fashion from run to run to introduce a linear trend across the rtfMRI-nf runs. No 
bars were shown during the Transfer run. fMRI data processing was performed in AFNI [8]. GLM 
functional connectivity analysis was conducted for each run using a spherical seed ROI centered at 
(−17,−7,−16) in the LA region as described in [3]. The fMRI data and motion parameters were band-pass 
filtered between 0.01 and 0.08 Hz. Linear trend in functional connectivity coefficient across five runs (Rest, 
Practice, Runs 1-3) was evaluated using 3dTfitter AFNI program, and its slope CS was computed for each 
voxel. Group analysis was performed using 3dttest++ AFNI program, which included the patients’ HDRS 
ratings as covariates. It yielded t-statistics of the slope in the data (CS) with respect to covariate (HDRS). 

Results: Fig. 2A shows statistical maps of the CS vs HDRS correlation for the experimental group. Significant positive effects are observed for the 
left rACC at (−1, 30, 4), the left mediodorsal thalamus at (−1, −15, 14), the right pulvinar at (21, −27, 14), the left PCC at (−3, −49, 20), the left 
precentral gyrus at (−47, 13, 8), and other regions. Significant positive correlation between CS and HDRS is illustrated in Fig. 2B for the rACC ROI 
(centered at (−1, 30, 4), 10 mm diameter). Fig. 2C shows that CS vs HDRS correlation is positive for the left middle frontal gyrus (MiFG, BA 8), and 
negative for the right MiFG. Significant positive correlation between 
the left-right CS asymmetry for MiFG ROIs and HDRS ratings is 
illustrated in Fig. 2D (the ROIs were defined anatomically as MiFG 
areas between z=39 and z=46 mm). 

Discussion: During a single session of the rtfMRI-nf training of the 
amygdala, several key brain regions show enhancement in functional 
connectivity with LA that significantly correlates with the depression 
severity (HDRS). Such enhancement is stronger in patients with 
severe depression than in those with moderate depression. This effect 
can be viewed as a correction or reversal of the functional connectivity 
deficiencies specific to MDD, and, therefore, may have important 
therapeutic value. Our results further support the important role of the 
left rACC during the rtfMRI-nf training of the amygdala [4]. The 
enhancement in functional connectivity shows positive correlation 
with HDRS for the left MiFG, a region associated with approach 
motivation [9], and inverse correlation with HDRS for the right MiFG, 
which is associated with avoidance motivation [9]. This suggests that 
motivational changes during the rtfMRI-nf training are more positive 
in patients with more severe depression, in agreement with our EEG 
findings [7]. Overall, our results suggest that rtfMRI-nf of the 
amygdala during a positive emotion induction task holds the ability to 
correct the functional connectivity impairments specific to MDD. 
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