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Abstract

Amygdala hemodynamic responses to positive stimuli are attenuated in major depressive disorder (MDD) and
normalize with remission. Real-time functional magnetic resonance imaging neurofeedback (rtfMRI-nf) training
with the goal of upregulating amygdala activity during recall of happy autobiographical memories (AMs) has
been suggested, and recently explored, as a novel therapeutic approach that resulted in improvement in self-
reported mood in depressed subjects. In this study, we assessed the possibility of sustained brain changes as
well as the neuromodulatory effects of rtfMRI-nf training of the amygdala during recall of positive AMs in
MDD and matched healthy subjects. MDD and healthy subjects went through one visit of rtfMRI-nf training.
Subjects were assigned to receive active neurofeedback from the left amygdale (LA) or from a control region
putatively not modulated by AM recall or emotion regulation, that is, the left horizontal segment of the intrapar-
ietal sulcus. To assess lasting effects of neurofeedback in MDD, the resting-state functional connectivity before
and after rtfMRI-nf in 27 depressed subjects, as well as in 27 matched healthy subjects before rtfMRI-nf was
measured. Results show that abnormal hypo-connectivity with LA in MDD is reversed after rtft MRI-nf training
by recalling positive AMs. Although such neuromodulatory changes are observed in both MDD groups receiving
feedback from respective active and control brain regions, only in the active group are larger decreases of de-
pression severity associated with larger increases of amygdala connectivity and a significant, positive correlation
is found between the connectivity changes and the days after neurofeedback. In addition, active neurofeedback
training of the amygdala enhances connectivity with temporal cortical regions, including the hippocampus.
These results demonstrate lasting brain changes induced by amygdala rtfMRI-nf training and suggest the impor-
tance of reinforcement learning in rehabilitating emotion regulation in depression.
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Introduction

UNCTIONAL MAGNETIC RESONANCE IMAGING (fMRI)

based on the blood-oxygen-level-dependent (BOLD)
contrast is widely utilized to measure the patterns of brain ac-
tivation that are associated with different cognitive processes
(Friston, 2009). Real-time fMRI (rtfMRI) enables immediate
access to brain activation patterns by analyzing data as
quickly as they are acquired (Cox et al., 1995). Observing
one’s brain activation “‘live’” via rtfMRI can be utilized as

a form of biofeedback, that is, neurofeedback, which entails
training patients to regulate their own brain activity through
real-time fMRI neurofeedback (rtfMRI-nf) (deCharms,
2008). The continuously updated neurofeedback signal
shows the activity level in the targeted brain region, thereby
providing subjects with online information about their suc-
cess in self-regulating their brain activity (Weiskopf et al.,
2003). Studies have demonstrated that individuals can
learn to self-regulate brain activity in structures relevant to
emotional processing, including the insula (Caria et al.,
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2007; Johnston et al., 2010), amygdala (Johnston et al., 2010;
Posse et al., 2003; Zotev et al., 2011), ventrolateral prefrontal
cortex (Linden et al., 2012), and subgenual anterior cingulate
cortex (Hamilton et al., 2011) through rtf MRI-nf. Emerging
evidence also suggests that rtfMRI-nf has clinical utility in re-
ducing the symptoms of chronic pain (deCharms et al., 2005),
tinnitus (Haller et al., 2010), Parkinson’s disease (Subrama-
nian et al., 2011), and major depressive disorder (MDD) (Lin-
den et al., 2012; Young et al., 2014).

MDD is a disabling and common medical condition
(World Health Organization, 2004), for which approximately
two-thirds of patients who seek pharmacological and/or psy-
chological interventions will not respond fully to, and only
one-half of treatment responders achieve sustained remission
(Cain, 2007). However, treatment options beyond psycho-
therapy and/or pharmacotherapy such as electroconvulsive
therapy (Merkl et al., 2009) and deep brain stimulation (Loz-
ano et al., 2008) are very limited, invasive, and associated
with significant adverse event risks.

A rtfMRI-nf training method for upregulating amygdala
activity during positive autobiographic memory recall has
been proposed (Zotev et al., 2011) and recently explored as
a novel therapeutic approach for MDD (Young et al.,
2014). The amygdala is a key element of the emotion pro-
cessing circuit in the human brain (Drevets et al., 2008).
Studies show that amygdala BOLD activity increases in re-
sponse to both positive and negative emotional stimuli in
healthy humans (Everitt et al., 2003; Sergerie et al., 2008;
Victor et al., 2010). In MDD, however, amygdala responses
are attenuated to positive stimuli and enhanced to negative
stimuli (Suslow et al., 2010; Victor et al., 2010). Further-
more, more severe depression is found to be associated
with more attenuated amygdala response to positive stimuli
(Suslow et al., 2010), and this response increases after suc-
cessful antidepressant pharmacotherapy (Victor et al.,
2010) or Cognitive Control Therapy (Siegle et al., 2007).
Therefore, rtfMRI-nf training of the amygdala with the
goal of better controlling and upregulating amygdala activity
to positive stimuli may exert therapeutic effects by normaliz-
ing this emotional processing bias (Harmer et al., 2009).

In order to achieve such upregulation, the strategy of pos-
itive autobiographical memory (AM) retrieval was selected
based on findings of amygdala activity (with other medial
temporal regions) during AM retrieval (Greenberg et al.,
2005), and because it is commonly reported by participants
post-hoc as an effective strategy in neurofeedback studies
targeting emotional processing brain regions (Caria et al.,
2007; Johnston et al., 2011; Linden et al., 2012). More impor-
tantly, depressed individuals are impaired at recalling specific
and positive AMs (van Vreeswijk and De Wilde, 2004; Young
et al., 2012, 2013); therefore, reinforcement in the associated
brain circuit is hypothesized to occur with the neurofeedback
training, which may also help normalize this deficit.

Our recent proof-of-concept study (Young et al., 2014) has
tested this amygdala-targeted rtfMRI-nf system in a cohort of
21 unmedicated MDD subjects. MDD subjects were assigned
to receive rtfMRI-nf from either left amygdala (LA) or a con-
trol region and instructed to contemplate happy AMs to raise
the level of a bar representing the hemodynamic signal from
the target region to a target level. Our results demonstrated
that MDD subjects were able to increase their amygdala ac-
tivity while recalling happy AMs, and this procedure resulted
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in improvements in self-reported mood. However, it was not
clear whether such neurofeedback training had any plastic
changes in the brain, especially in the circuit for emotion pro-
cessing (e.g., amygdala) (Victor et al., 2010) and autobio-
graphic memory recall (e.g., pregenual anterior cingulate
cortex, or pgACC) (Young et al., 2013). Furthermore, it
was not known whether such modulatory effects, if any,
would be sustainable after an extended period of time.

Recent studies have shown that the human brain is intrin-
sically organized into spatiotemporally dissociable func-
tional networks, which manifest endogenous connectivity
within each network during a task-free resting state (Biswal
et al., 1995; Fox and Raichle, 2007). The resting-state net-
works involving at least two key regions (the seeds)—the
amygdala and the pgACC—are consistently found to be ab-
normal in depression (Davey et al., 2012; Ramasubbu et al.,
2014). In order to answer the question of where or how last-
ing neuromodulatory effects of rtfMRI-nf exist in MDD, we
used resting-state fMRI to measure the resting-state func-
tional connectivity (RSFC) with regard to the active training
target, that is, amygdala, before and several days after
rtfMRI-nf. By first comparing MDD subjects with a cohort
of matched healthy subjects, we identified regions of abnor-
mal connectivity with regard to amygdala before treatment
and then tested those regions for changes of connectivity
after treatment in MDD. Our hypothesis was that rtfMRI-
nf training of the amygdala acts to relieve depression, at
least in part, by normalizing connectivity in the amygdala-
associated circuits. Another part of this hypothesis is that
rtfMRI-nf training with active neurofeedback should have
reinforcement effects by strengthening the circuits impli-
cated in AM recall relative to the control neurofeedback.
Accordingly, we also tested whether the amygdala- and
pgACC-associated network was differentially affected be-
tween the active neurofeedback group and control neuro-
feedback group.

Materials and Methods
Participants

Twenty-seven right-handed, unmedicated individuals
aged 18-55 years with MDD in a current major depressive
episode according to the Diagnostic and Statistical Manual
of Mental Disorders (DSM-IV-TR; American Psychological
Association, APA, 2000) participated in the study. Twenty-
seven right-handed, medically and psychiatrically healthy
subjects with gender and age (+3 years) matching the
MDD individuals were also recruited. All participants,
recruited from the community via advertisements, underwent
medical and psychiatric screening evaluations at the Lau-
reate Institute for Brain Research, which included the Struc-
tural Clinical Interview for DSM-IV Disorders (First et al.,
2002) and the 21-item Hamilton Depression Rating Scale
(HDRS; Hamilton, 1960). Exclusion criteria included gen-
eral MRI exclusions, current pregnancy, psychosis, serious
suicidal ideation, major medical or neurological disorders,
exposure to any medication likely to influence cerebral func-
tion or blood flow within 3 weeks (8 weeks for fluoxetine),
and meeting DSM-IV criteria for drug or alcohol abuse
within the previous year or for alcohol or drug dependence
(except nicotine) within the lifetime. Depressed participants
with a 21-item HDRS score >17 (mean, 22.11 £4.95) were
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included. Healthy participants had an HDRS score <7
(mean, 1.04+1.82). Twenty-three of the depressed partici-
pants had recurrent MDD, while four were experiencing a
first episode. After receiving a complete explanation of the
study procedures, all participants provided written informed
consent as approved by the Western Institutional Review
Board. Participants received financial compensation for
their participation. All participants were naive to rtfMRI-nf.

Experimental paradigm

All MDD participants underwent rtfMRI-nf in a protocol
described in Young and colleagues (2014). Subjects were
instructed to feel happy by evoking positive AMs while try-
ing to raise the activation level of the targeted region of in-
terest (ROI), that is, the LA for the active group and the
horizontal segment of intraparietal sulcus (HIPS) for the con-
trol group, respectively. The LA was selected as the active
ROI as a functional dissociation between left and right amyg-
dala has been proposed such that the right is engaged in
rapid/automatic detection of emotional stimuli, while the
left is involved in detailed and elaborate stimulus evaluation
(Baas et al., 2004; Glascher and Adolphs, 2003; Sergerie
et al., 2008). In addition, the LA response to positive stimuli
is specifically related to MDD symptoms and treatment re-
sponse (Victor et al., 2010). The HIPS was chosen for control
ROI, as it is implicated in number and not in emotional pro-
cessing (Dehaene et al., 2003; Fias et al., 2007; Molko et al.,
2003; Newman et al., 2011). MDD participants were informed
that they would be assigned to receive neurofeedback from one
of two brain regions: one region involved in emotional process-
ing or another region that is independent of emotional process-
ing and which may be difficult to regulate. Participants’ group
was assigned under double-blind conditions. Participants were
not told their group assignment until the end of the study, and
those in the control group were offered the opportunity to re-
ceive another session in which they received active neurofeed-
back training. Participants were instructed to retrieve positive
AMs that potentially would help them control the level of ac-
tivity in the target brain region.

Since depressed individuals are impaired at recalling spe-
cific and positive AMs (van Vreeswijk and De Wilde, 2004;
Young et al., 2012), each participant was interviewed before
scanning to facilitate their AM recall and ensure five highly
arousing, vivid, specific, and happy AMs could be evoked dur-
ing rtfMRI-nf. Participants were instructed to recall those or
other happy AMs while attempting to increase the hemody-
namic activity in the assigned ROI to that of the blue bar rep-
resenting the target level of activation. They were informed to
maintain this strategy even if they felt it was ineffective at rais-
ing their brain activity, though they could change the positive
memories utilized or the aspects of the memories focused on.

One resting-state scan before the neurofeedback on the
same visit and another resting state scan on a separate visit
at least 2 days and less than a month after neurofeedback
were performed on MDD subjects. Healthy subjects also par-
ticipated in a single visit of neurofeedback training by recall-
ing positive AMs in a similar protocol. One resting-state scan
before neurofeedback was conducted in the healthy individ-
uals and compared with the pre-neurofeedback resting state
in MDD subjects. All subjects opened their eyes and fixated
on a cross on the screen during resting scans. They were
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instructed to relax and not think about anything in particular
for the resting scan.

On each visit before MRI, all participants completed
clinician-administered rating scales, including HDRS, the
Montgomery—Asberg Depression Rating Scale (Montgom-
ery and Asberg, 1979), and the Hamilton Anxiety Rating
Scale (HARS) (Hamilton, 1959).

Only data during neurofeedback from a subset of the MDD
subjects included in this study (20) have been reported in
Young and colleagues (2014). In addition, the working hy-
pothesis, image data, and analysis in this study are completely
different from Young and colleagues (2014). This study ana-
lyzed the resting-state image data in MDD subjects before and
after neurofeedback and the resting-state data in healthy sub-
jects before neurofeedback. The resting-state data before neu-
rofeedback were contrasted between MDD and healthy
subjects, while the post-versus-pre (post-nf minus pre-nf)
resting-state data are contrasted between MDD participants
who received active and control neurofeedback.

Data acquisition

MRI was conducted at the Laureate Institute for Brain
Research using a General Electric Discovery MR750 whole-
body 3 T MRI scanner (GE Healthcare) equipped with a custom
rtfMRI system (Bodurka and Bandettini, 2008). A standard
eight-channel receive-only head coil array was used. A single-
shot gradient-recalled echo planar imaging (EPI) sequence
with Sensitivity Encoding (SENSE) was employed for fMRI.
The following EPI imaging parameters were used: field of
view (FOV)/slice=240/2.9 mm, axial slices per volume =34,
acquisition matrix=96x96, repetition/echo time (TR/TE)=
2000/30 msec, SENSE acceleration factor R=2 in the phase
encoding (anterior-posterior) direction, flip angle=90°, sam-
pling bandwidth=250kHz, and number of volumes=263.
Each functional scan time lasted 8 min 46 sec. The EPI im-
ages were reconstructed into a 128 X 128 matrix, in which the
resulting fMRI voxel volume was 1.875x 1.875x2.9mm’.
In addition, simultaneous physiological pulse oximetry and
respiration waveform recordings were conducted (with 50 Hz
sampling) for each fMRI run. A photoplethysmograph with
aninfrared emitter placed under the pad of the subject’s left index
finger was used for pulse oximetry, and a pneumatic respiration
belt was used for respiration measurements. A T1-weighted
magnetization-prepared rapid gradient-echo (MPRAGE) se-
quence with SENSE was used to provide an anatomical refer-
ence for the fMRI analysis. It had the following parameters:
FOV=240mm, axial slices per slab=128, slice thick-
ness= 1.2 mm, image matrix =256 %256, TR/TE=5/1.9 msec,
acceleration factor R=2, flip angle=10°, delay time (TD)=
1400 msec, inversion time (TT) =725 msec, and sampling band-
width=31.2kHz.

Real-time fMRI neurofeedback

The rtfMRI-nf was implemented using a custom rtfMRI
system using Analysis of Functional Neurolmages (AFNI,
http://atni.nimh.nih.gov/) (Cox, 1996) and a custom graphic
user interface software. The neurofeedback was based on
fMRI activation in the ROIs defined as spheres of 7 mm radius
in the stereotaxic array of Talairach and Tournoux (1988) and
placed in the LA (—21, —5, —16) or the left HIPS (—42, —48,
48) for the respective active or control group.
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For each subject, a high-resolution MPRAGE image and a
short (10-sec) EPI scan were acquired before the neurofeed-
back procedure. The MPRAGE image was transformed to
the Talairach space. The target ROIs (as defined earlier)
were defined in Talairach space. They were first transformed
to the original MPRAGE space, and then to the EPI space de-
fined by a single EPI volume from the short EPI scan (for
steady state). During the rtfMRI-nf experiment (40-sec
Happy, Count, and Rest conditions were repeatedly emp-
loyed as described in detail in Zotev et al., 2011), all acquired
EPI volumes were registered to the same single EPI volume.
During Happy condition, subjects were instructed to feel
happy by evoking positive AMs while trying to raise the
level of a red bar on the screen that is proportional to a percent
signal change of the targeted ROI relative to the preceding
baseline Rest condition. This neurofeedback signal (percent
signal change) was computed at every time point as a moving
average of the current and two preceding fMRI percent signal
change values, and was updated every 2 sec.

Resting-state fMRI data analysis

The fMRI data preprocessing was performed using AFNIL.
The first five volumes of each run were excluded from anal-
ysis to allow the BOLD signal to reach steady state. Major
steps include respiration- and pulse-associated noise reduc-
tion using RETROICOR (Glover et al., 2000), slice timing
and rigid body motion correction, spatial smoothing with a
Gaussian kernel (full width at half maximum=6 mm), and
temporal filtering with a bandpass filter (0.005-0.1 Hz). In
addition, the low-frequency changes in respiration volume
(Birn et al., 2006), six affine motion parameters, signal
from a ventricular region of interest, and signal from a region
centered in the white matter were regressed out from the
dataset. Data points of excessive motion (root mean square
larger than 0.3 mm) were excluded from regression and cor-
relation analysis using the censoring option implemented in
AFNI (afni_proc.py). The censoring step, in principle, is
similar to the scrubbing approach proposed by Power and
colleagues (2012, 2013). Specifically, the L2-norm of motion
parameters estimated from motion registration was calcu-
lated per run and those time points of amplitude larger than
0.3 mm were censored/excluded in the regression or the later
calculation of connectivity. The threshold 0.3 mm was slightly
more moderate than what was suggested by Power and col-
leagues (2013, 0.2 mm), but it yielded balanced censoring ratios
across subject groups in our data. Notably, the band-pass filter-
ing was implemented in the linear regression fashion; therefore,
censoring out points of extraordinary motion does not lead to an
unusual edge effect as seen in filtering using a convolution
form. The whole-brain global signal was not removed, as this
may lead to spurious anti-correlation (Fox et al., 2005; Murphy
et al., 2009; Saad et al., 2012). The fMRI data of each subject
was first spatially coregistered to high-resolution anatomical
images and then to the Talairach and Tournoux template
brain (Talairach and Tournoux, 1988) with aid of the Advanced
Normalization Tools (ANTS, http://picsl.upenn.edu/ANTS/)
for the spatial normalization.

RSFC was computed as Pearson’s correlation with regard
to a seed region (Biswal et al., 1995). Correlation maps were
produced by extracting the pre-processed BOLD time course
from a seed region, averaging the signals within the seed re-
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gion, then computing the correlation coefficient between the
seed time course and the time course from all other brain
voxels. For this study, we first examined the correlations as-
sociated with the active training target of rtfMRI-nf, that is,
the LA. The seed region was a 7-mm-radius sphere centered
at the LA (—21, —5, —16) in Talairach space. Another brain
region critical to autobiographic memory recall and that is
differentially active in healthy and MDD participants
(Young et al., 2013), the pgACC, was also examined as
seed region (7-mm-radius sphere centered at —3, 43, 6).

For statistical tests and group analysis, correlation coeffi-
cients were converted to a normal distribution by Fisher’s z
transform. These values were converted to z scores (i.e.,
zero mean, unit variance, and Gaussian distributions) by di-
viding by the square root of the variance [1/sqrt(n—3), where
nis the degrees of freedom in the measurement]. The degrees
of freedom were corrected for the temporal dependence
across consecutive time points (Fox et al., 2005). Individu-
als’ z-score maps were then submitted for a comparison
and statistic test.

To examine whether there exists any therapeutic modula-
tory effect, we defined ROIs as regions of abnormal connec-
tivity based on pre-nf data from the depressed and healthy
subjects, then tested whether the abnormal pre-nf connectiv-
ity in the MDD was reversed in the post-nf data. We
employed two approaches to define ROIs. One way was to
identify ROIs using conjunction criteria of (1) connectivity
that is different in the pooled MDD subjects as compared
with the healthy (using an unpaired two-sided 7 test); there-
fore changes, if any, might be relevant to the pathology of de-
pression; (2) connectivity that linearly co-varies with HDRS
in the pooled MDD subjects; therefore, reversed changes, if
any, would be related to the therapeutic effect of alleviating
depression. Another definition of ROI is to only consider the
regions of abnormal connectivity regardless of their co-
variation with HDRS, which would enable examining mod-
ulatory effect in regions where connectivity is abnormal
but does not necessarily follow a linear trend with the depres-
sion severity.

In each ROI, the connectivity before and after neurofeed-
back was compared using a paired one-sided ¢ test, separately
for the active and control groups. The post-versus-pre con-
nectivity changes were also compared between the active
and control MDD groups using an unpaired two-sided ¢
test. To assess the relationship between the changes of ROI
connectivity and changes in depression severity (HDRS),
we utilized both a parametric method (linear correlation)
and a non-parametric method (two-binned comparison).
The linear correlation between HDRS and connectivity
changes was calculated to evaluate whether these changes
follow a linear pattern. Meanwhile, the nonparametric two-
binned comparison assessed whether the larger decreases
of HDRS were associated with larger increases of connectiv-
ity. Specifically, the individuals’ HDRS changes are sorted in
descending order; then, the connectivity changes associated
with higher half of HDRS changes are compared with
those with the lower half using an unpaired one-sided f test.

Furthermore, to evaluate the whole-brain modulatory ef-
fect associated with amygdala training, MDD individuals’
pre-nf z-score maps were subtracted from the post-nf
z-score maps and whole brain analysis was performed to
test whether post-versus-pre connectivity changes differ
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between the active and control MDD groups using an un-
paired two-sided 7 test.

Results
Demographic and clinical data

The demographic and clinical characteristics of all sub-
jects are listed in Table 1. The healthy and the pooled
MDD subjects exactly matched in gender and did not differ
in age (t5,=0.14, p=0.89). Before neurofeedback, HDRS
and HARS ratings were higher in the MDD compared with
the healthy subjects (both 75, >3.48, p <0.001), while the ac-
tive MDD group and the control MDD group did not differ in
age (fs=1.24, p=0.23), HDRS (#5=1.65, p=0.11), or
HARS (#,5=0.94, p=0.35) scores. On average, the duration
between the neurofeedback and returning visits for MDD
subjects is 9.00£5.91 days (Mean=standard deviation)
and did not differ between the active and control group
(t5=0.1279, p=0.90). Post-nf HARS ratings decreased in
both the active MDD group (¢;; =3.09, p=0.01) and control
MDD group (t1,=2.21, p=0.047), while in both groups the
HDRS decreases were marginally significant (active MDD:
t11=2.07, p=0.06; control MDD: #,,=2.06, p=0.06). How-
ever, the active MDD group and control MDD group did not
differ in the post-versus-pre difference of HDRS (#,3=0.31,
p=0.76) or HARS (#,3=0.17, p=0.86) scores.

ROI analysis

In order to examine the neuromodulatory effect of rtfMRI-
nf on the amygdala connectivity, we first searched for re-
gions that are likely to show the therapeutic effect, if any,
based on the MDD and healthy subjects’ pre-nf connectivity
with seed at the active target, that is, LA. Thus, we performed
a whole-brain conjunction analysis to identify the regions
where the pre-nf amygdala RSFC maps in the MDD subjects
(pooled active and control groups) differed from the pre-nf
RSEC in healthy subjects and also covaried with their
HDRS scores. Figure 1A shows the results of the conjunction
analysis (p<0.05, cluster threshold p <0.05). Two regions
were found: the pgACC (peak coordinates: —0.9, 44.1, 0.6,
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cluster size: 58 voxels) and the cuneus (peak coordinates:
10.3, —87.2, —3.1, cluster size: 498 voxels). Both the
pgACC and the cuneus showed decreased connectivity
with amygdala in the MDD subjects relative to healthy sub-
jects, and the amygdala connectivity of both was negatively
correlated with the HDRS (Fig. 1B, C).

The pgACC and the cuneus plotted in Figure 1A were then
identified as ROIs to examine the neuromodulatory effect of
rtfMRI-nf on amygdala RSFC. At the pgACC, the pre-nf
amygdala connectivity in the MDD ensemble were abnor-
mally lower than in healthy subjects (pooled MDD: t5,=
2.83, p=0.007), and did not differ between the active and
control MDD groups (t,5=0.66, p=0.52). After neurofeed-
back, the amygdala connectivity with pgACC was no longer
abnormal in either the active or control group (both p>0.1).
The amygdala-pgACC connectivity was significantly in-
creased in the control MDD group (¢;,=3.00, p=0.01) and
also non-significantly increased in the active MDD group
(t13=0.99, p=0.34). At the cuneus, the pre-nf amygdala con-
nectivity in the MDD ensemble was significantly lower than
in the healthy subjects (pooled MDD: t5,=2.24, p=0.03),
and did not differ between the active and control MDDs
(tr5=1.56, p=0.13). After neurofeedback, the amygdala con-
nectivity with cuneus was no longer abnormal in either the
active or control group (both p>0.1). Amygdala-cuneus con-
nectivity was significantly increased in the control MDD group
(t12=2.86, p=0.01) and also non-significantly increased in
the active MDD group (#;3=1.31, p=0.21).

The relationship between the clinical rating changes and
connectivity changes were also investigated. Non-parametric
comparison found that, in MDD individuals receiving active
neurofeedback from LA, larger post-versus-pre increases of
connectivity between LA and left cuneus are observed to
be associated with larger decreases of HDRS at their returning
visits (both p<0.01). In terms of linear relationship, the con-
nectivity changes across MDD individuals tend to be inversely
correlated with HDRS changes (LA vs. left cuneus: r=—0.45,
p=0.09; LA vs. left pgACC: r=-0.39, p=0.16). How-
ever, the association between connectivity changes and HDRS
changes is not significant in the MDD individuals with con-
trol neurofeedback from HIPS in either parametric or non-

TABLE 1. PARTICIPANT CHARACTERISTICS BY EXPERIMENTAL GROUP

Active MDD Control MDD Healthy subjects
Characteristic, mean (SD) n=14 n=13 n=27
Females 11 11 22
Age in years 38 (10) 35 (8) 36 (9)
Number of previous major depressed episodes
1 Episode 14.3% [n=2] 23.1% [n=3] N/A
2 Episodes 21.4% [n=3] 9.1% [n=1] N/A
>2 Episodes 64.3% [n=9] 69.2% [n=9] N/A
HDRS*® Pre Post Pre Post Pre
20.64 (4.63) 17.42 (5.28) 23.69 (4.96) 20.92 (6.02) 1.04 (1.82)
HARS? Pre Post Pre Post Pre
19.93 (5.15) 16.25 (5.34) 22.15 (7.02) 18 (5.28) 1.31 (2.02)
Post-nf days 9.14 (6.54) 8.85 (5.41) N/A

“Post-neurofeedback ratings were not available in two MDD subjects of the active group.
SD, standard deviation; MDD, major depressive disorder; HDRS, Hamilton Depression Rating Scale; HARS, Hamilton Anxiety Rating Scale;

N/A, not available.



BRAIN CONNECTIVITY CHANGES BY AMYGDALA rFMRI TRAINING

B Left pgACC
6
= . s
= &
= ¥
c
= +* % *
go - .
= -2
= ¢ *
b 4
o
10 20 30
HDRS in MDD
D Left pgACC
6 £
£ | [
=4
S uPre-nf
Q
g 2 4 - u Post-nf
(&}
0
MDD with MDD with HC
active nf control nf

FIG. 1.

695
C Left Cuneus
4 >
Iy >
2 2 ‘\“- gt * >
8 3, + &+
o0 e 5
3
"g ‘2 v *
& -4
20 30 40
HDRS in MDD
t (pcunecled<0-05)

E  LeftCuneus
6 *

u Pre-nf

4] . = Post-nf

MDD with MDD with HC
active nf control nf

iy

Connectivity
%]

o

(A) Regions where the resting-state functional connectivity with left amygdala (LA, seed) in subjects with major

depressive disorder (MDD) differed from healthy control (HC) subjects and also was covaried with the Hamilton Depression
Rating Scales (HDRS). The cold colors indicate the region where connectivity with amygdala was larger in healthy subjects
than in MDD; (B) pre-neurofeedback (pre-nf) connectivity between left amygdala and pregenual anterior cingulate cortex
(pgACC) in MDD subjects significantly linearly decreases with HDRS (cc=—0.41, p=0.04); (C) LA-cuneus pre-nf connec-
tivity in MDD subjects significantly linearly decreases with HDRS (cc=—0.51, p=0.006); Group results of LA-pgACC (D),
and LA-cuneus (E) pre-, and post-nf connectivity for MDD group with active, control neurofeedback, and the healthy group.
*Indicates significance at p <0.05. nf stands for neurofeedback.

parametric analysis (p>0.1 for two-binned comparison for
both ROIs; LA vs. left precuneus: r=—0.09, p=0.75; LA
vs. left pgACC: r=—-0.18, p=0.54). Interestingly, although
MDD subjects” HARS scores were significantly reduced at
the returning visits, there was no significant association
found between HARS changes and the connectivity changes
with either cuneus or pgACC (all p>0.1).

In order to further examine modulatory effect in regions
that are of abnormal connectivity but are not necessarily sub-
ject to a linear trend with depression severity, another set of
ROIs were defined by only considering the regions of abnor-
mal connectivity (cluster size >30 voxels, thresholded at
voxel p<0.005) regardless of their co-variation with HDRS.
As shown in Figure 2, these ROIs include the two regions pre-
viously found to be of abnormal and HDRS-covaried connec-
tivity, that is, the left cuneus and the left pgACC (Fig. 2A, B).
Additional ROIs are left angular gyrus, right medial frontal
gyrus, left precuneus, and left middle temporal gyrus (Fig.
2C-F). In all identified regions, the connectivity with LA in
pooled MDD subjects was abnormally lower than in the healthy
subjects (p <0.05 for all ROIs). After neurofeedback, the amyg-
dala connectivity was no longer abnormal in either the active
group (p>0.1 for all ROIs) or the control group (p>0.1 for
all ROIs). The post-versus-pre increase of connectivity was sig-

nificant for the active group in the left angular gyrus (p <0.05)
and the left precuneus (p<0.05). Meanwhile, for the control
group, the post-versus-pre increase of connectivity was signifi-
cant in the left cuneus (p<0.01), the left pgACC (p<0.01),
right medial frontal gyrus (p<0.05), left precuneus
(p<0.05), and left middle temporal gyrus (p<0.01).

We also evaluated the sustainability of the neuromodula-
tory effect in terms of the relationship between post-versus-
pre changes and days after neurofeedback. Interestingly,
across MDD individuals who received active neurofeedback,
a significant positive and linear correlation was observed be-
tween their post-nf increases of LA-cuneus connectivity and
the time duration (days) after neurofeedback (r=0.76,
p=0.0015, Fig. 5). However, no such positive linear correla-
tion was observed in the MDD subjects with control neuro-
feedback (p>0.1 for all ROIs).

Whole-brain analysis

Results of the whole-brain analysis for the active neuro-
feedback associated effect are listed in Tables 2 and 3.
The significance criterion for detecting activation was set
at peorrected <0.05 determined using the AFNI program
3dClustSim (cluster size >30 voxels, thresholded at voxel
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FIG. 2. Resting-state functional connectivity in regions where the connectivity with LA (seed) in MDD differed from
healthy subjects’ regardless of co-variation with HDRS. (A) Left Cuneus; (B) Left pgACC; (C) Left angular gyrus; (D)
Right medial frontal gyrus; (E) Left Precuneus; (F) Left middle temporal gyrus. Pre- and post-nf connectivity is shown
for active and control MDD groups receiving neurofeedback from active and control brain regions (LA and horizontal seg-
ment of intraparietal sulcus, respectively). The cold colors indicate brain regions where connectivity with LA was larger in
healthy subjects than in MDD; *indicates statistically significant post-nf versus pre-nf changes at p <0.05. **Indicates sta-
tistically significant post-nf versus pre-nf changes at p <0.01.



BRAIN CONNECTIVITY CHANGES BY AMYGDALA rFMRI TRAINING

TABLE 2. GROUP DIFFERENCE OF POST-VERSUS-PRE
CONNECTIVITY CHANGES WITH SEED
AT LEFT AMYGDALA

Peak
Cluster coordinates
size t
Area (voxels) x y z score
Active > Control
Right middle frontal 224 384 572 -—-3.1 3.63
gyrus (BA10)
Right parahippocampal 31 21.6 =253 —12.5 324
gyrus (BA45)
Control > Active
Right lingual 82 17.8 —81.6 —5.0 —3.24

gyrus (BA18)

BA, Brodmann area.

p<0.005). When we compared the post-versus-pre differ-
ence of amygdala connectivity between the active and con-
trol MDD group (Fig. 3), the active group had increased
connectivity between LA at the right parahippocampal
gyrus, right superior temporal gyrus, and bilateral middle
frontal gyrus relative to the control group, whereas the con-
trol group had increased connectivity between the amyg-
dala and right lingual gyrus. In addition, with regard to
the pgACC seed, the active MDD group had increased con-
nectivity with the left superior temporal cortex, the left su-
perior frontal gyrus, and the right superior temporal gyrus
(Fig. 4).

Discussion

We investigated the neuromodulatory effect of training
MDD patients to regulate the hemodynamic activity at their
LA using rtfMRI-nf and recall of positive AMs. Our previous
report (Young et al., 2014) demonstrated that, given appropri-
ate direction, practice, and rtfMRI-nf information, MDD pa-
tients can enhance their amygdala BOLD activity by
contemplating positive AMs within a single training session,
and this procedure resulted in improvements in self-reported
mood. Post-nf resting-state fMRI imaging in this study
showed that abnormal hypo-connectivity was reversed and
positive changes sustained in MDD subjects several days
after using rtfMRI-nf. Although such neuromodulatory

TABLE 3. GROUP DIFFERENCE OF POST-VERSUS-PRE
CONNECTIVITY CHANGES WITH SEED AT LEFT
PREGENUAL ANTERIOR CINGULATE CORTEX

Peak
Clbf“er coordinates
size t

Area (voxels)  x y z  score
Active > Control

Left superior temporal 133 —-23.4 —44.1 25 5.61

gyrus (BA13/13)
Left superior frontal 115 —-197 609 —1.2 3.72

gyrus (BA10)

Right superior temporal 37
gyrus, insula
(BA22/21)

459 —10.3 —6.9 4.00

697

changes are observed in both MDD groups receiving feedback
from respective active and control brain regions (LA and
HIPS), only in the active group were larger decreases of de-
pression severity associated with larger increases of amygdala
connectivity. In addition, a significant, positive correlation
was revealed between the connectivity changes and the days
after active neurofeedback. Importantly, sustained neuromo-
dulatory effects are observed after engaging in a single session
of amygdala rtf MRI-nf using positive AMs.

In the pregenual ACC, BOLD functional connectivity with
amygdala was lower in the MDD than in the healthy subjects
at resting state. Moreover, more severe depression symptoms
were associated with less amygdala-pgACC connectivity.
This ACC subdivision has been implicated in emotional pro-
cessing associated with both positively and negatively
valenced stimuli (Bush et al., 2000; Grabenhorst et al.,
2008; Pizzagalli, 2011; Rolls et al., 2008) and in AM deficits
in patients with depression and individuals at high risk for
depression (Young et al., 2012, 2013). Although both the
pgACC and amygdala are hyperactive at rest in MDD (Dre-
vets et al., 1992), pgACC is hyper-activated when recalling
specific positive AMs (Young et al., 2013) whereas amyg-
dala usually shows an attenuated response to positive stimuli
(Victor et al., 2010), which may explain the abnormal lower
functional connectivity between amygdala and pgACC
found in our study at the resting state. Nonetheless, the dif-
ference of LA baseline connectivity between the MDD and
healthy subjects was normalized after rtfMRI-nf training
by recalling positive AMs. These findings suggest that mod-
ulation of LA-pgACC connectivity may underlie the ob-
served therapeutic effects.

In the cuneus/BA17, the baseline amygdala connectivity
was lower in MDD relative to healthy subjects and the effect
of rtfMRI-nf training was to normalize this connectivity.
Neuroimaging studies of AM recall reported occipital activa-
tion, including the cuneus (Addis et al., 2004; Cabeza et al.,
2004; Conway et al., 1999), and this area has been implicated
in visuospatial processing (Renier et al., 2010). Furthermore,
a recent study also found activity in this region correlated
with tolerance of distress in both healthy and remitted
MDD samples, and increased activity in this area was asso-
ciated with a lower risk for depression relapse (Farb et al.,
2011). This may be particularly encouraging for the use of
rtfMRI-nf, as post-nf connectivity in MDD seems to over-
shoot the baseline connectivity in healthy subjects (Fig. 1D).

In both the active and control groups, we found positive
modulatory changes of abnormal resting-state LA functional
connectivity in depressed subjects. These results suggest that
the effect of enhancing amygdala connectivity may be more
attributable to recalling happy autobiographic memories,
which MDD subjects in both groups utilized as a mental
strategy for neurofeedback. Since MDDs in the control
group received neurofeedback from the HIPS region,
where the activation during neurofeedback was not signifi-
cantly different from zero (Young et al., 2014), it is likely
that subjects in the control group exerted substantial effort
during memory recall when the bar seemed not to move in
the intended direction, which may have contributed to the
observed increased connectivity between the LA and other
brain regions. Consistent with our observation, several
other neurofeedback studies (Hamilton et al., 2011; Schar-
nowski et al., 2012; Yoo et al., 2006) have also reported
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FIG. 3. Maps of group difference of post-
nf versus pre-nf connectivity changes (post-
nf—pref-nf) with LA (seed). Warm colors
indicate active > control. Cold colors indi-
cate active < control. Maps are thresholded at
Pcorrected < 0.05.

that both active and control neurofeedback have similar ef-
fects on behavior or brain activity in the initial stage, but
such plastic effects by active neurofeedback tend to outgrow
those of control neurofeedback with multiple training visits.

Although the active and control groups did not differ in
amygdala connectivity enhancement, our results also found
important differences in the connectivity changes between
the active and control group. Post-nf connectivity between
amygdala and hippocampus, and between pgACC and tem-
poral cortical regions, was significantly strengthened by ac-
tive relative to control neurofeedback. These strengthened
connections are likely the result of reinforcement learning
when active feedback is provided. Many of these regions
share extensive anatomical and functional connections with
the amygdala and are recruited during emotional learning
(Kim et al., 2011) and in the modulation of emotional pro-
cesses (Bush et al., 2000). We previously implicated the left
superior temporal gyrus in the transfer run (i.e., AM recall
without neurofeedback) immediately after the neurofeedback
training (Young et al., 2014), showing that the group with ac-
tive neurofeedback had increased activity relative to the con-
trol group when maintaining elevated amygdala activity after
training but in the absence of neurofeedback. In addition to
such increased activation in the superior temporal gyrus in
the active group during transfer run, our present results further
show elevated resting-state connectivity between the pgACC
and the superior temporal gyrus in the active group several
days after neurofeedback training. Superior temporal regions
are involved in emotional processing and social cognition
(Allison et al., 2000; Gallagher and Frith, 2003; Olson et al.,
2007), and are less active in MDD versus healthy individuals
(Canli et al., 2004; Drevets et al., 2008; Fitzgerald et al.,
2008). Therefore, the increased activity and connectivity in
these regions in MDD patients suggests that this neurofeed-
back procedure effectively recruits other regions that are im-
portant in emotional regulation which show abnormal
BOLD responses in MDD, further suggesting the potential
for rtf MRI-nf in MDD treatment.

FIG. 4. Maps of group dif-
ference of post-nf versus pre-
nf connectivity changes
(post-nf—pre-nf) with left
pgACC (seed). Warm colors
indicate active > control.
Cold colors indicate

active < control. Maps are
thresholded at pcorrected <
0.05.
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Active > Control

t (pmected<0-05)

Control > Active

Moreover, our results found that, only in the active group,
larger decreases of depression severity are associated with
larger increases of amygdala connectivity and a significant,
positive correlation is found between the connectivity changes
and the days after active neurofeedback. These findings sug-
gest that the therapeutic effect of active neurofeedback may
be intimately associated with the alleviation of depression
and is more likely to sustain after neurofeedback. Although
MDD participants in the active group did not significantly dif-
fer from the control group in their degree of clinical im-
provement at the single follow-up imaging visit after
neurofeedback, we speculate and predict that the enhanced
connectivity with hippocampus and temporal regions after
active neurofeedback may lead to more prominent and long-
lasting mood effects after repeated rtfMRI-nf sessions. How-
ever, to test this hypothesis, future studies involving repeated
rtfMRI-nf training and multiple follow-up visits are needed.

The main limitation of this study is the lack of a control
group that attempts self-regulation based only on the cogni-
tive task of positive AM recall but without any neurofeed-
back. Without such a control group, we cannot completely
exclude the possibility that mere practice of positive AM re-
calls led to the changes of amygdala functional connectivity.
Nonetheless, autobiographic memory deficits have been well
documented by many studies showing that individuals with
MDD tend to generate fewer specific, more categorical,
and fewer positive AMs compared with healthy control sub-
jects (van Vreeswijk and De Wilde, 2004; Young et al., 2012,
2013). Therefore, simply practicing positive AM recall with-
out any help of neurofeedback is intrinsically limited by
depression-related deficits. Indeed, a proof-of-concept study
by Linden and colleagues (2012) reported that the control
group of depressed subjects that underwent a training proce-
dure with only cognitive strategies of generating positive emo-
tions but without neurofeedback did not improve clinically,
whereas the group receiving active neurofeedback achieved
significant improvement in clinical symptoms. Moreover, sev-
eral other rtfMRI-nf studies that included control groups who

Active > Control

t (Poorrecteg<0.05)

Control > Active
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FIG. 5. Relationship between post-nf versus pre-nf LA-
cuneus connectivity changes (post-nf—pre-nf) and days after
MDD subjects receiving active neurofeedback (r=0.76,
p=0.0015).

received either control feedback or no feedback have firmly
established that neurofeedback is necessary for learning to
self-regulate brain activity [e.g., for the anterior cingulate cor-
tex (Hamilton et al., 2011), for the inferior frontal gyrus (Rota
et al., 2009), and for the visual cortex (Scharnowski et al.,
2012; Shibata et al., 2011)]. Our findings that active neuro-
feedback is associated with a positive correlation between
the plastic effect and the duration post-nf and that active neu-
rofeedback more effectively engages the memory circuit fur-
ther highlight the potential of neurofeedback training of the
amygdala for inducing a lasting and sustainable therapeutic ef-
fect in patients with depression.

Conclusion

In conclusion, our results show lasting brain changes after
the rtfMRI-nf training during happy autobiographic memory
recall in subjects with major depression. Post-nf imaging re-
sults show that the abnormal hypo-connectivity with LA was
reversed, suggesting a therapeutic effect of rtfMRI-nf using
positive AM recall in MDD. Although such neuromodula-
tory changes are observed in both MDD groups receiving
feedback from active and control brain regions, only in the
active group are larger decreases of depression severity asso-
ciated with larger increases of amygdala connectivity and a
significant, positive correlation is found between the connec-
tivity changes and the days after neurofeedback, suggesting
long-term durability of amygdala-targeted rtfMRI-nf. More-
over, active neurofeedback from LA, rather than feedback
from a control brain region irrelevant to emotion regulation
or AM recall, further enhances the connectivity with tempo-
ral cortical regions, including the hippocampus. These find-
ings have implications for our understanding of depression
pathophysiology and a neurofeedback mechanism, as well
as for efforts to enhance existing and to develop new, more
effective depression treatments.
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