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Abstract: The advent of real-time neurofeedback techniques has allowed us to begin to map the con-
trollability of sensory and cognitive and, more recently, affective centers in the brain. The subgenual
anterior cingulate cortex (sACC) is thought to be involved in generation of affective states and has
been implicated in psychopathology. In this study, we examined whether individuals could use real-
time fMRI neurofeedback to modulate sACC activity. Following a localizer task used to identify an
sACC region of interest, an experimental group of eight women participated in four scans: (1) a pre-
training scan in which they were asked to decrease activity in the sACC without neurofeedback; (2)
two training scans in which sACC neurofeedback was presented along with instructions to decrease
sACC activity; and (3) a neurofeedback-free post-training scan. An additional nine women in a yoked
feedback control group saw sACC activity from the participants in the experimental group. Activity in
the sACC was significantly reduced during neurofeedback training in the experimental group, but not
in the control group. This training effect in the experimental group, however, did not generalize to the
neurofeedback-free post-training scan. A psychophysiological interaction analysis showed decreased
correlation in the experimental group relative to the sham control group between activity in the sACC
and the posterior cingulate cortex during neurofeedback training relative to neurofeedback-free scans.
The finding that individuals can down-modulate the sACC shows that a primary emotion center in
which functional abnormality has been strongly implicated in affective disorders can be controlled
with the aid of neurofeedback. Hum Brain Mapp 32:22–31, 2011. VC 2010 Wiley-Liss, Inc.
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INTRODUCTION

Real-time neurofeedback training paradigms are
designed to teach individuals volitional control over brain
states by presenting them with continuously updated
metaphors of brain activity and asking them to learn to
modulate these representations, often through a process of
trial and error. The first neurofeedback studies estimated
brain activity with electroencephalography (EEG) and
showed not only that humans are capable of gaining voli-
tional control over regionally specific brain activity [e.g.,
Mulholland et al., 1976; Schwartz et al., 1976], but further,
that controlling brain activation can be of therapeutic
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benefit [e.g., Lubar, 1977; Mills and Solyom, 1974; Rose-
nfeld et al., 1996; Sterman et al., 1975]. The advent of func-
tional magnetic resonance imaging (fMRI)—with spatial
resolution approximating the size of functional neural
modules suggested both by cytoarchitectural and electro-
physiological data—brought the promise of greater spatial
specificity to investigations of the feasibility of neurofeed-
back training. Indeed, as fMRI data acquisition and ana-
lytic techniques developed to allow processing of
multiple-voxel fMRI datasets in real time, pioneering stud-
ies using real-time fMRI (rtfMRI) documented the controll-
ability of several brain regions; see DeCharms [2007] and
Weiskopf et al. [2004b] for reviews.

rtfMRI neurofeedback training studies have demon-
strated that individuals can learn to control various brain
regions of interest (ROIs) with the aid of a neurofeedback
signal. Through neurofeedback training, participants have
learned to control activity in auditory cortex [Yoo et al.,
2006], sensorimotor cortex [DeCharms et al., 2004; Yoo and
Jolesz, 2002], supplementary motor area [Weiskopf et al.,
2004a], parahippocampal place area [Weiskopf et al.,
2004a], and dorsal/rostral ACC [DeCharms et al., 2004;
Weiskopf et al., 2003]. In addition to these areas, which
have been implicated primarily in sensorimotor and cogni-
tive processing, investigators have examined the ability of
individuals to learn to control key areas involved in emo-
tional experience and regulation, such as the amygdala
[Johnston et al., 2010; Posse et al., 2003], rostral/ventral
ACC [Weiskopf et al., 2003], and insula [Caria et al., 2007;
Johnston et al., 2010]. This work is important both because
it extends the scope of research examining control of
regionally specific brain processes and because it provides
insight about the neural mechanisms underlying emotional
control.

Posse et al. [2003] asked participants to generate a sad
mood over a 30-s interval and then presented them with a
single estimate of their amygdala activity to reinforce their
mood induction strategy. While this study demonstrated
that amygdala activity can be estimated and its response
detected in real time, amygdala neurofeedback was not
used to change activity in this structure, but instead, was
presented to confirm the effectiveness of participants’
mood regulatory strategy. In an rtfMRI neurofeedback
study of the insula, Caria et al. [2007] presented partici-
pants with estimates of brain activity from this structure,
updated on a moment-by-moment basis. These researchers
demonstrated both that control of the insula increased in a
linear manner with neurofeedback training, and that these
training effects generalized to a neurofeedback-free post-
training scan.

In the first rtfMRI neurofeedback study of a rostral/ven-
tral ACC ROI, Weiskopf et al. [2003] presented continu-
ously updated indices of activity from dorsal and rostral/
ventral ACC ROIs simultaneously over several training
runs. These investigators showed that an exemplary partic-
ipant became increasingly proficient in increasing activity
in both dorsal and rostral/ventral ACC ROIs. Subsequent

analyses indicated that learned modulation of the rostral/
ventral ACC ROI occurred in the rostral but not the ven-
tral aspect of the ACC. In a subsequent study from our
laboratory, however, we showed that, when presented
with an rtfMRI training signal from the subgenual ACC
(sACC) specifically, participants could effectively increase
and decrease activity in this structure by using, respec-
tively, negative and positive emotion regulatory strategies
[Hamilton et al., 2007].

In a recent neural model of emotional functioning,
Critchley [2005] posits that the ACC is centrally involved
in the generation of affective states. Critchley cites evi-
dence of blunted autonomic response in individuals with
dorsal ACC (dACC) lesions, and of dACC hyper-respon-
sivity following circumscribed denervation of the auto-
nomic nervous system, in postulating that the dACC is
integral in generating sympathetic autonomic arousal.
More speculatively, but supported by a sizable body of
research demonstrating that activity in the dorsal and sub-
genual ACC are negatively intercorrelated [e.g., Pochon
et al., 2002], Critchley posits that the sACC plays a com-
plementary role to the dACC in generating parasympa-
thetic activity. Given this putative involvement of the
sACC in emotion generation, it is important to investigate
whether control of this structure—and, potentially, the pri-
mary emotion processes it subserves—can be learned with
the aid of appropriate neurofeedback.

Examining whether individuals can learn to control
sACC activity is also important given the consistent associ-
ation of this structure with various forms of psychopathol-
ogy. Functional anomalies in the sACC have been
implicated in unipolar depression [e.g., Drevets et al.,
1997; Gotlib et al., 2005; Mayberg et al., 1999], in bipolar
disorder [e.g., Brooks et al., 2006; Krueger et al., 2000], and
in obsessive-compulsive disorder [e.g., Van Laere et al.,
2006]. Moreover, Mayberg et al. [2005] demonstrated the
antidepressant effect of exogenous down-modulation of
sACC activity with microelectrode stimulation, suggesting
that endogenous sACC modulation via neurofeedback
training may yield similar clinical benefit.

While findings of Hamilton et al. [2007] provided an im-
portant proof of concept regarding the controllability of
sACC with emotion-regulatory strategies, the rtfMRI tech-
nique used was applied to a small number of participants;
thus, the generalizability of these results remains in ques-
tion. Moreover, participants in that study were given
generic seed strategies to regulate sACC activity over a
single training run: participants upregulated negative emo-
tion to increase sACC signal and upregulated positive
emotion to decrease sACC signal. Thus, the findings from
that study do not rule out the possibility that the sACC
ROI signal was merely tracking the emotional state of the
participant, and that sACC feedback itself did not play an
important role in determining sACC activity. Finally,
Hamilton et al. did not address whether learned control
over the sACC could generalize in the absence of sACC
neurofeedback. In addressing these concerns, the present
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rtfMRI study examines activity in a sACC ROI in an
experimental group of participants before, during, and af-
ter sACC neurofeedback training, and in a control group
run through an isomorphic paradigm using yoked, sham
neurofeedback. Thus, this study allows us not only to
assess whether sACC neurofeedback facilitates regulation
of this structure beyond what may be associated with
implementing an emotion-regulatory strategy alone, but
further, to determine whether sACC neurofeedback train-
ing effects generalize to a neurofeedback-free context. We
predicted that participants in the experimental group, but
not in the sham neurofeedback control group, would be
able to control sACC activity better when shown a sACC
neurofeedback signal than when engaging in an emotional
regulatory strategy before neurofeedback training. We also
predicted that neurofeedback training effects in the experi-
mental group would persist into a neurofeedback-free
post-training scan.

MATERIALS AND METHODS

Participants

Seventeen adult females, recruited through community
website postings, unselected for past or current psychopa-
thology but who were not currently taking psychotropic
medication, participated in this study. Inclusion criteria
required that all participants: (1) were between the ages of
18 and 50; (2) had no reported history of brain injury; and
(3) had no physical limitations that prohibited them from
participating in an fMRI scan. Informed consent was
obtained from all participants, who were paid $25 per
hour. All aspects of this study complied with the ethical
standards for treatment of human participants from the
American Psychiatric Association.

rtfMRI Software Configuration

Processing and analysis of blood-oxygen-level depend-
ent (BOLD) data in real time was conducted with software
developed at the Lucas Center for Magnetic Resonance
Imaging at Stanford University. At the end of each volume
repetition, this software reconstructed spiral in-out [Glover
and Law, 2001] data from k-space to native brain space
and then calculated a voxel-wise weighted-average of spi-
ral-in and spiral-out acquisitions to optimize signal-to-
noise ratio. Reconstructed data were then passed to a pro-
gram that computed continuously updated BOLD levels
over a user-selected ROI and for the rest of the brain. Fol-
lowing low-pass filtering at 0.25 Hz, these estimates were
presented to participants as scrolling graphs. These graphs
were centered at the mean signal value of the third, fourth,
and fifth BOLD acquisitions—excluding the first two
acquisitions to allow for equilibration of the longitudinal
magnetization vector—of each scan. The y-axis of the feed-
back plot was continuously auto-scaled to fit the maxi-
mum and minimum BOLD value for a given block. A

screenshot of our rtfMRI interface—scrolling graphs along
with task instructions—is presented in Figure 1A. This
program also calculated a continuously updated correla-
tion coefficient for each voxel time course relative to a
user-defined reference function and overlaid these statis-
tics on structural data. Data processing was completed
within �750 ms of the conclusion of each BOLD data
acquisition.

rtfMRI Scanning Protocol

Overview

In this rtfMRI protocol, participants were first intro-
duced to the rtfMRI interface and neuromodulation task
outside of the scanner. After entering the scanner, they
underwent anatomical and shimming scans followed by a
functional localizer scan and, finally, four neuromodula-
tion scans.

Scanner and pulse sequence

Scanning was conducted on a 1.5T General Electric
Signa MR scanner with a single channel, whole-head
quadrature imaging coil. Anatomical underlay data [20
sagittal slices, 0.859 mm2 in-plane, and 4 mm through-plan
resolution, echo time (TE) ¼ 7 ms, flip angle ¼ 90�, field of
view (FOV) ¼ 22 cm] were acquired first. FMRI data were
then acquired [20 sagittal slices with 3.44 mm2 in-plane
and 4 mm through-plane resolution, TE ¼ 40 ms, flip
angle ¼ 80�, FOV ¼ 22 cm, acquisition time (TR) ¼ 2,000
ms per frame, number of frames ¼ 90 per run for the lo-
calizer scan, 160 per run for neuromodulation scans] using
a spiral-in/out pulse sequence [Glover and Law, 2001],
which has been demonstrated to have superior recovery of
activation signal in frontal orbital regions [Preston et al.,
2004]. A high-resolution structural scan (115 slices, 1 mm2

in-plane, and 1.5 mm through-plane resolution, TE ¼ 7
ms, flip angle ¼ 15�, FOV ¼ 22 cm) was performed follow-
ing BOLD scanning runs.

Prescan preparation

Before scanning, participants were introduced to the
neurofeedback interface and the task design of the study.
They were told that they would see a neurofeedback sig-
nal from a brain structure involved in emotion (red line)
and a neurofeedback signal from the rest of the brain
(black line, see Fig. 1A). Consistent with previous research
[Caria et al., 2007; deCharms et al., 2005], the results of
pretesting indicated that neuromodulation training with
the region of the sACC identified with our localizer scan
(see below) progressed slowly if participants were not
given a basic seed strategy. Because results from a previ-
ous study suggested that participants fatigued quickly if
they were asked to alternately increase and decrease sACC
activity [Hamilton et al., 2007], in this study, they were
asked only to down-modulate sACC activity during
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‘‘Decrease’’ blocks and to do so by upregulating positive
mood in some way. We found that this ‘‘increase positive
mood’’ strategy suggestion was sufficiently specific to
allow participants to make progress in a single training
session and sufficiently flexible to allow participants to
make substantive changes in neuromodulatory strategies
in response to neurofeedback. Additionally, participants
were informed that it might take 4–6 s for the signal to
change following execution of a particular Decrease strat-
egy. Finally, participants were reminded that the neuro-
feedback signal was there to help teach them, and that if
one strategy did not produce the desired change in the
neurofeedback signal, they should try another.

Localizer scan

Given evidence that the sACC is spatially heterogeneous
with respect to the type of affect it subserves [Damasio
et al., 2000; Gotlib et al., 2005; Maddock et al., 2003], we
developed a functional localizer scan designed to effi-

ciently locate the specific area of the sACC in each partici-
pant that was most strongly involved in the processing of
negative affective information. We defined the sACC ROI
in this way and asked participants to downregulate activ-
ity in this ROI by increasing positive mood so that we
could explore the feasibility of sACC neurofeedback train-
ing in this unselected control population as a novel neu-
ral-level intervention for major depression, which has been
found consistently to be associated with elevated sACC
activity [e.g., Mayberg et al., 1999]. On the basis of find-
ings that the sACC is involved in negative mood in both
depressed and never-depressed persons and in response
to affectively valenced information [Maddock et al., 2003],
we designed a scan in which blocks of passive viewing of
negative pictures from the International Affective Picture
System [IAPS; Lang and Greenwald, 1993] were contrasted
with a baseline task. In this 3-min scan, participants
engaged in five 18-s blocks—each composed of three, six-
second trials—of passive viewing of negatively valenced
(rating of three or less, on average) IAPS pictures.

Figure 1.

A: Real-time neurofeedback interface with scrolling graphs of ROI (red line) and whole-brain

(black line) activity and task instruction window; B: schematic of functional localizer scan and

real-time correlational analysis used to locate sACC ROIs; C: visual rendering of sACC definition

used to bound neurofeedback ROI selection.
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Interleaved with these picture-viewing blocks were five
blocks of a baseline task. During baseline blocks, partici-
pants were given a simple yet engaging task in which they
were instructed to ‘‘Press and hold the N key,’’ where the
value of N changed every 3 s, indicating that the partici-
pant should press and hold the 1, 2, 3, or 4 key on a four-
button fMRI-compatible response box. Data from this scan
were analyzed concurrently with their collection (see Anal-
ysis section, below). The content and structure of this scan
are shown in Figure 1B.

Neuromodulation scans

Participants engaged in four neuromodulation scans,
each lasting 5 min and 20 s. In the first scan (NoFB1) and
the fourth scan (NoFB2), participants saw only instruction
screens without neurofeedback; in the second and third
scans (FB1 and FB2), participants saw instruction screens
accompanied by neurofeedback. All four scans were com-
posed of five Decrease blocks (each 32 s), interspersed
with five baseline blocks (each 32 s) like those from the
localizer scan. The first eight participants run through the
protocol saw actual sACC neurofeedback (REAL); nine
additional participants were run through a yoked sham
neurofeedback protocol (SHAM). This protocol was equiv-
alent to the real-neurofeedback protocol with the exception
that during FB1 and FB2 scans, participants saw neuro-
feedback that had been generated and seen by the partici-
pants in the REAL neurofeedback group.

For the NoFB1 scan, participants were asked to pick one
strategy for increasing positive mood and to use it during
Decrease blocks. For the Decrease blocks in the FB1 and
FB2 scans, participants were instructed to cycle through
positive-mood strategies until they found one that was
effective in making the sACC signal (red line) go below
the whole-brain-minus-sACC signal (black line). For the
Decrease blocks in the NoFB2 scan, participants were
instructed to use whichever strategy was most effective in
reducing the sACC signal during the neurofeedback train-
ing scans.

Postscanning interview

Following scanning, participants engaged in a brief,
informal interview wherein they reported the positive
affect regulation strategies they used during the NoFB1
scan and during successful sACC regulation for the FB1
and FB2 scans.

Analysis

Functional localizer scan

The sACC voxel with the highest statistical value and
the eight within-plane voxels directly adjacent to it were
selected as the sACC ROI for neurofeedback training for
each participant. The sACC was defined as the region of

the ACC ventral and posterior to the most anterior portion
of the genu of the corpus callosum (see Fig. 1C for a
graphical depiction of this definition). To find the sACC
voxel that was maximally active for viewing negative
material relative to baseline, we calculated the Pearson
product-moment correlation coefficient of each voxel time
course with a sine wave with a period equal to the task
cycle of the localizer scan (see Fig. 1B).

Neuromodulation training effects

Voxel time courses for the whole brain were slice-time
corrected relative to the tenth slice for each acquisition
with the program 3dtshift from the Analysis of Functional
Neuroimages [AFNI; Cox, 1996] package. For each scan,
these data were volume registered relative to the 80th
acquisition with the AFNI program 3dvolreg and were
then spatially smoothed with AFNI’s 3dmerge [full width
at half maximum (FWHM) ¼ 4 mm]. These data were
then band-pass filtered with AFNI’s 3dFourier (low pass
criterion ¼ 0.25 Hz; high pass criterion ¼ 0.016 Hz) and
were then converted to units of percent signal change rela-
tive to the time course mean.

For each run, each participant’s average sACC time
course was extracted from whole-brain data by applying
to the whole-brain data the sACC mask identified with the
localizer scan detailed earlier. Next, both to reduce noise
and to correct for any changes in sACC BOLD that
resulted from participants inadvertently learning to move
to control the sACC BOLD signal, we subjected the sACC
time course data to linear detrending against three transla-
tional and three rotational motion estimates. Similarly, to
reduce noise and correct for the effects of neuromodula-
tory strategies that might have influenced BOLD signal at
the whole-brain level such as changing respiration rate
[Birn et al., 2008], we detrended the motion-detrended ROI
data against whole-brain (except for the sACC ROI) BOLD
time series data. To perform these detrending procedures,
we used the AFNI program, 3dDetrend, which uses a lin-
ear least squares algorithm to remove components from
voxel time series. From the detrended sACC time courses,
Decrease and baseline epochs from each of the four scans
were averaged for each participant. Finally, average sACC
BOLD for baseline blocks was subtracted from that for
Decrease blocks to render four data points per participant
corresponding to the difference in sACC data for Decrease
versus baseline blocks for each run. To examine whether
presentation of an sACC neurofeedback signal was effec-
tive in helping participants learn to down-modulate activ-
ity in this structure, we conducted a two- (group) by-four
(scan) mixed-model analysis of variance (ANOVA) on
sACC activation. We analyzed significant main effects
and interactions from the omnibus test with one- and two-
sample t-tests.
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Psychophysiological interaction analysis

To examine the neural correlates of effective down-regu-
lation of the sACC, we conducted a psychophysiological
interaction [Friston et al., 1997; PPI; also known as ‘‘func-
tional connectivity’’] analysis on each of the four scans.
The first step in this analysis was to deconvolve the
detrended sACC time courses with the AFNI program
3dTfitter, using a c-function model of the hemodynamic
response function (HRF) and minimizing first and second
derivatives in the deconvolution. Next, we multiplied the
deconvolved sACC time course by a task vector in which
‘‘1’’s was assigned to TRs during Decrease epochs and
‘‘�1’’s was assigned to TRs during baseline epochs. This
interaction vector was then convolved with a gamma func-
tion. The resulting regressor and the detrended sACC time
course were entered as covariates of interest, and three
translational and three rotational motion estimates and
one whole-brain-minus-sACC average BOLD time series
were entered as covariates of no interest, into a full regres-
sion model against voxel time courses from the whole
brain. To allow for subsequent statistical comparisons, the
whole-brain fit coefficients for the interaction (sACC-by-
task) were warped to Talairach space [Talairach and Tour-
noux, 1988]. These data were then analyzed with a voxel-
wise, mixed-model ANOVA performed with the AFNI

program 3dANOVA4. The statistical criterion for this ex-
ploratory analysis was P ¼ 0.01 at the individual voxel
level with a cluster threshold of k ¼ 10 (nearest neighbor)
voxels (effective P ¼ 0.0001, uncorrected).

RESULTS

Participant Characteristics

Mean age and years of education as well as group com-
position by handedness are presented in Table I. The
REAL and SHAM groups did not differ on any of these
variables (all P > 0.10).

Functional Localizer Scan

For each participant, an sACC region was identified that
correlated significantly with an ideal reference function.
Peak voxel statistics and Talairach coordinates for the
sACC ROI identified for each participant by real-time cor-
relation are presented in Table II.

Neuromodulation Training

The two (group) by four (scan) mixed-model ANOVA
conducted on average sACC activity estimates for NoFB1,
FB1, FB2, and NoFB2 scans for Decrease minus baseline
blocks for REAL and SHAM groups yielded no main effect
of group [F(1,15) ¼ 1.06; P > 0.10], but a significant main
effect of scan [F(3,45) ¼ 5.15; P < 0.05], which was quali-
fied by a significant interaction of group and scan [F(3,45)
¼ 3.10; P < 0.05]. Follow-up contrasts indicated that par-
ticipants in the REAL group exhibited significantly lower
sACC activity during FB1 and FB2 scans than during

TABLE I. Participent characteristics

REAL SHAM

Average Age 31.0 (3.99) 28.8 (1.36)
Handedness (right:left) 7:1 7:2
Average yrs of education 16.5 (0.50) 16.4 (0.87)

Standard error in parentheses.

TABLE II. Localizer-selected ROI and statistics comparison values

Participant Region Peak voxel t P (one-tailed, Uncorrected) X Y Z

REAL1 Left subgenual ACC 3.29 0.0005 �4 20 �17
REAL2 Left subgenual ACC 3.09 0.0010 �3 24 �5
REAL3 Right subgenual ACC 2.19 0.0140 3 22 �4
REAL4 Left subgenual ACC 3.58 0.0001 �2 14 �15
REAL5 Right subgenual ACC 2.39 0.0085 3 31 5
REAL6 Right subgenual ACC 2.72 0.0035 5 1 �5
REAL7 Left subgenual ACC 2.22 0.0130 �6 23 �12
REAL8 Left subgenual ACC 2.81 0.0025 �5 31 �4
SHAM1 Left subgenual ACC 2.47 0.0070 �5 23 �10
SHAM2 Right subgenual ACC 2.31 0.0150 1 16 �10
SHAM3 Right subgenual ACC 3.25 0.0006 4 19 �3
SHAM4 Right subgenual ACC 2.40 0.0082 8 27 �9
SHAM5 Left subgenual ACC 2.77 0.0028 3 �4 �10
SHAM6 Left subgenual ACC 4.43 <0.0001 �8 13 �8
SHAM7 Right subgenual ACC 3.59 0.0002 4 22 �3
SHAM8 Right subgenual ACC 2.48 0.0065 5 1 �5
SHAM9 Right subgenual ACC 2.62 0.0044 5 2 �2

Warping from native- to Talairach-space caused artificial displacement along y- and z-axes for some ROIs.
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NoFB1 scan, ts(7) ¼ 3.71 and 2.92, respectively, both P <
0.05. sACC activity during NoFB2 Decrease blocks was not
significantly lower than that during NoFB1 [t(7) ¼ 1.22, P
> 0.10]. Decrease-block sACC activity during FB1 was
lower than activity during NoFB2 [t(7) ¼ 2.36, P ¼ 0.05].
Finally, FB2 sACC activity during Decrease blocks was
marginally significantly lower than was NoFB2 sACC ac-
tivity during Decrease blocks, t(7) ¼ 1.76, P ¼ 0.06. These
same contrasts conducted on the data from the SHAM
group showed no significant or marginally significant
within-group differences (all P > 0.10). Between-groups
comparisons of REAL and SHAM groups yielded no sig-
nificant difference for NoFB1 and NoFB2 scans [t(15) ¼
0.68 and 0.01, respectively, both P > 0.10] but significantly
reduced sACC activity during Decrease blocks in the
REAL relative to the SHAM group during FB1 and FB2
scans [t(15) ¼ 1.70 and 1.64, respectively, P ¼ 0.05 and
0.06]. Cell-mean data are presented in Figure 2. Average
Decrease block sACC time courses for each group for FB1
and FB2 (FB) and NoFB1 and NoFB2 (NoFB) scans are pre-
sented in Figure 3.

Psychophysiological Interaction

Given that sACC activity decreased in the REAL feed-
back group during FB relative to NoFB scans but did not
change in the SHAM group across FB and NoFB scans, we
examined where activity interacted with sACC activity as
a function of both group (REAL versus SHAM) and type
of scan [NoFB (mean of NoFB1 and NoFB2) versus FB
(mean of FB1 and FB2)]. These results are presented in
Figure 4. FMRI time courses in left posterior cingulate
(pCing) cortex and left cuneus were found to have
decreased correlation with sACC ROI time courses during
FB scans in the REAL relative to the SHAM group [pCing:
t(15) ¼ 3.96; cuneus: t(15) ¼ 3.44; both P < 0.05]; no

between-group differences for NoFB scans in sACC func-
tional connectivity were observed in these structures
[pCing: t(15) ¼ 0.31; cuneus: t(15) ¼ 1.37; both P > 0.10].
Importantly, within-group comparisons showed decreased
sACC functional connectivity for FB relative to NoFB scans
in the REAL group [pCing: t(7) ¼ 3.50; cuneus: t(7) ¼ 2.54;
both P < 0.05], and increased sACC functional connectiv-
ity for FB relative to NoFB scans in the SHAM group
[pCing: t(8) ¼ 2.17; cuneus: t(8) ¼ 3.09; both P < 0.05].

Postscanning Interview

While all participants indicated that they used positive
affective strategies during neurofeedback scans, all but
four of the REAL neurofeedback participants were unable
to recall specific details of the strategies they used. We
report the four recalled strategies in Supporting Informa-
tion Table I.

Figure 3.

Group-averaged BOLD time courses for Decrease blocks during

NoFB and FB scans in REAL and SHAM groups.

Figure 2.

Average sACC Decrease versus baseline BOLD (� standard error) during NoFB1, FB1, FB2, and

NoFB2 scans in REAL and SHAM groups.
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DISCUSSION

This study examined the ability of adults to use neuro-
feedback to modulate activity in sACC. We examined ac-
tivity in a sACC ROI before, during, and after real and
sham sACC neurofeedback training. The results of this
study indicated that participants were able to down-modu-
late sACC activity significantly better when they were pre-
sented with a veridical sACC neurofeedback training
signal than when they were not presented with such a sig-
nal; in contrast, participants who saw a sham neurofeed-
back signal were not able to modulate their sACC activity.
The sACC down-modulation observed in the REAL neuro-
feedback group during neurofeedback training, however,
did not generalize to a post-training, neurofeedback-free
scan. Finally, a PPI analysis used to identify the neural
correlates of successful sACC ROI down-modulation
showed decreased correlation in the REAL neurofeedback
group between sACC and posterior cingulate cortex dur-
ing neurofeedback relative to neurofeedback-free scans;
SHAM control participants showed the opposite pattern,
exhibiting an increased correlation between sACC and
pCing during neurofeedback relative to neurofeedback-
free scans.

The finding that sACC BOLD signal was decreased dur-
ing presentation of sACC neurofeedback in the REAL but
not in the SHAM group represents strong evidence that
sACC activity can be downregulated with the aid of a

neurofeedback signal. We also found, however, that the
ability to decrease sACC activity during veridical neuro-
feedback did not generalize to a neurofeedback-free, post-
training scan. One reason for this lack of generalization
involves the role of the sACC as a ‘‘visceromotor’’ region
[Drevets et al., 2008; Johansen-Berg et al., 2008]. More spe-
cifically, it is possible that effective sACC neuromodula-
tory strategies acquired during training could not be
verbalized sufficiently to be easily recalled and imple-
mented during the post-training scan.

One limitation of this study is the lack of sensitivity and

structure of the post-scan, free-recall probe used to explore

effective neuromodulatory strategies; indeed, half of the

participants in the experimental group could not easily

verbalize the strategy they used in downregulating sACC

activity. Including more sensitive strategy probes will ben-

efit future work by highlighting the mechanisms underly-

ing sACC modulation and better elucidating the function

of this neural region. Moreover, given that future sACC

neurofeedback research may, like this study, localize dif-

ferent regions of the sACC, more detailed descriptions of

sACC neurofeedback strategies may help elucidate func-

tional specialization within this region that is indicated by

distinct patterns of white-matter connectivity [Johansen-

Berg et al., 2008] within sACC.
Results from the PPI analysis showed decreased sACC-

pCing functional connectivity during FB scans in the

Figure 4.

Regions of differential context-dependent correlation with the sACC ROI across NoFB and FB

scans in REAL and SHAM groups in the posterior cingulate cortex (A) and cuneus (B). [Color

figure can be viewed in the online issue, which is available at wileyonlinelibrary.com]
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REAL neurofeedback group relative both to NoFB scans in
this group and to FB scans in the SHAM group. Posterior
cingulate cortex is recruited reliably as part of the default
mode network [Raichle et al., 2001]; indeed, functional
connectivity approaches to defining the default mode net-
work most often incorporate pCing as a seed region [Fox
et al., 2005]. Data implicating this region in self-reflective
thought [Johnson et al., 2002], particularly in the retrieval
of autobiographical memories [Maddock et al., 2001], help
to delineate the role of pCing in default mode functioning.
During self-generation of emotion, this region and the
sACC become coactive [Damasio et al., 2000], a finding
replicated in this study in both the REAL and SHAM
groups during NoFB scans and in the SHAM group dur-
ing FB scans. The finding that this pattern of connectivity
reverses during real neurofeedback training represents
preliminary evidence that a neurofeedback signal may
provide a means for conscious override of normal network
dynamics. This pattern, combined with the present finding
that only two regions showed a significant group by task
relation with sACC activation despite a relatively sensitive
statistical criterion (P ¼ 0.01; k ¼ 10), suggests that down-
modulation of the sACC during real neurofeedback is a
neurally selective effect.

The central finding from this study—that a sample of
adults can use neurofeedback to decrease activity in the
sACC—is also clinically significant. This finding indicates
that individuals who are experiencing forms of psychopa-
thology in which anomalous sACC function has been
implicated, such as clinical depression, may be able to use
neurofeedback to modulate activation in this structure
and, further, that this control may reduce emotional symp-
toms of their disorder. Moreover, given that the sACC has
been shown to be over-recruited in default mode network
functioning in depression [Greicius et al., 2007], the cur-
rent results, consistent with the formulation that sACC
activity becomes decoupled from activity in pCing—a pri-
mary node in the default mode network—during real neu-
rofeedback training bodes well for the potential clinical
efficacy of sACC neurofeedback training in major depres-
sion. These data, considered together with the finding of
therapeutic benefits in depression associated with exoge-
nous down-modulation of the sACC through direct elec-
trode stimulation [Mayberg et al., 2005], indicate that
sACC neurofeedback training may be effective in the treat-
ment of depression. While this study is critical in demon-
strating that individuals can modulate activation in the
sACC with the aid of a veridical neurofeedback signal, it
remains for future research to examine more directly the
effects of this modulation in clinically depressed
individuals.
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