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The nucleus accumbens (NAcc) plays critical roles in healthy motivation and learning, as well as in psychiatric
disorders (including schizophrenia and attention deficit hyperactivity disorder). Thus, techniques that confer
control of NAcc activity might inspire new therapeutic interventions. By providing second-to-second temporal
resolution of activity in small subcortical regions, functional magnetic resonance imaging (fMRI) can resolve on-
line changes in NAcc activity, which can then be presented as “neurofeedback.” In an fMRI-based neurofeedback
experiment designed to elicit NAcc activity, we found that subjects could increase their own NAcc activity, and
that display of neurofeedback significantly enhanced their ability to do so. Subjects were not as capable of
decreasing their NAcc activity, however, and enhanced control did not persist after subsequent removal of
neurofeedback. Further analyses suggested that individuals who recruited positive aroused affect were better
able to increase NAcc activity in response to neurofeedback, and that NAcc neurofeedback also elicited function-
ally correlated activity in the medial prefrontal cortex. Together, these findings suggest that humans can modu-
late their own NAcc activity and that fMRI-based neurofeedback may augment their efforts. The observed
association between positive arousal and effective NAcc control further supports an anticipatory affect account
of NAcc function.

© 2014 Elsevier Inc. All rights reserved.

Introduction

The nucleus accumbens (NAcc) of the ventral striatum plays a criti-
cal role in motivation and learning. Animal studies have historically in-
dicated that blocking NAcc dopamine activity decreases motivation for
both natural and drug rewards in animal models (Everitt and Robbins,
2005). More recently, human neuroimaging studies have implicated
NAcc activity in reward anticipation of healthy as well as disordered
individuals (Haber and Knutson, 2010). Both animal and human re-
search show that NAcc activity increases during anticipation of uncer-
tain rewards (Knutson et al., 2001; Schultz et al., 1992), consistent
with the argument that NAcc activity can translate motivation to action
(Mogenson et al., 1980) by conferring incentive salience or positive
aroused affect on potential goal objects (Berridge and Robinson, 1998;
Knutson and Greer, 2008).

Due to its deep subcortical location, small size, and dynamic changes
in activity, however, researchers have not yet investigated whether
humans can voluntarily control their own NAcc activity. Conferral of
voluntary control could have important therapeutic applications, since
diminished NAcc responsiveness has been implicated in psychiatric dis-
orders (including schizophrenia and attention deficit hyperactivity

disorders; e.g., Juckel et al., 2006; Scheres et al., 2007). Since its genesis
in the early 1990s (Ogawa et al., 1990), functional magnetic resonance
imaging (fMRI) has offered adequate spatial (on the order of millime-
ters) and temporal (on the order of seconds) resolution to resolve
NAcc activity (Haber and Knutson, 2010). Over two decades later, hun-
dreds of fMRI studies confirm that the NAcc plays a critical role in
human reward learning (O'Doherty, 2004) and motivation (Knutson
and Cooper, 2005). Meanwhile, fMRI-based neurofeedback signals
have been extracted fromandpresented to humans frommanybrain re-
gions (deCharms, 2008; Sitaram et al., 2009; Sulzer et al., 2013a,b;
Weiskopf, 2012), but not yet the NAcc.

Existing fMRI studies suggest that extracting and presenting NAcc
neurofeedback might pose unique technical challenges. Beyond its
small and irregular subcortical architecture, the NAcc typically shows
short bursts of activity, which could impose a number of temporal
constraints on study design. First, since NAcc fMRI activity may primar-
ily reflect phasic changes in dopamine release (Knutson and Gibbs,
2007), targeted activity should involve short modulation intervals that
afford second-to-second resolution. Second, since human NAcc activity
predicts rewards (Knutson and Cooper, 2005), subjects should encoun-
ter unpredictable rather than predictable (e.g., aperiodic) instructional
cues to increase or decrease activity. Third, since NAcc activity may
also respond to reward feedback (O'Doherty, 2004), investigators
might initially omit control conditions that imply sustained failure to
modulate (e.g., sham neurofeedback), since this could blunt
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responsiveness to subsequent veridical neurofeedback information (see
also Sulzer et al., 2013a,b). Thus, a conservative initial attempt to assess
peoples' ability to control their NAcc activity with andwithout the pres-
ence of neurofeedback might ideally incorporate short modulation in-
tervals and unpredictable cues, as well as within-subject control
conditions that are unlikely to induce lasting expectations of failure
(e.g., by contrasting increase versus decrease instructions).

In this study, we used a neurofeedback task specifically optimized to
elicit NAcc activity in order to determine whether people could volun-
tarily modulate (i.e., increase and decrease) their own NAcc activity,
and if so, whether neurofeedback could enhance their efforts. We also
examined whether brain activity in the anatomically connected medial
prefrontal cortex (MPFC) might show increased functional connectivity
with the NAcc during neurofeedback presentation, and whether adop-
tion of strategies associated with increasing positive arousal would
most effectively elicit NAcc activity.

Methods

Subjects

31 subjects completed the experiment and 25 (11 female, age range
20–40)were included in the final analysis. Subjectswere excluded from
analysis if they showed excessive overall motion (i.e., N1.5 mm from
one scan to the next; 2 subjects), technical problems causing data loss
(2 subjects), or physiological artifacts (e.g. correlated breathing or mo-
tion at r N .50; 2 subjects). Prior to participating, applicantswere exclud-
ed on the basis of a phone interview if they reported a history of
neurological or psychiatric disorders, concurrent use of psychotropic
or cardiacmedications, ormetal in the body. Screened subjects included
healthy, right-handed individuals with no MRI contraindications. After
subjects arrived, they provided written informed consent to participate
in the neurofeedback protocol approved by the Institutional Review
board of the Stanford University School of Medicine.

Protocol

Before scanning, subjects received a short written description of
the goal of neurofeedback, as well as suggested strategies for increasing
and decreasing NAcc activity (Supplement 1, Appendix A). Based on an
anticipatory affect model (Knutson and Greer, 2008), subjects were
informed that activity in the NAcc has been associatedwith anticipating
positive and arousing (e.g., “exciting”) events in past research, so that
visualizing exciting events should facilitate activity increases, while vi-
sualizing neutral and nonarousing (e.g., “boring”) events should facili-
tate activity decreases. Subjects then viewed the neurofeedback task
at a computer terminal, were allowed to ask questions, andwere tested
for comprehension as to which cue signaled whether to increase or
decrease activity. Distinct circular cues containing different fractal
patternswere assigned to increase versus decrease conditions to control
for any pre-existing cue associations (e.g., as might occur with words
such as “increase” versus “decrease” or arrows pointing up versus
down). Subjects also generated and wrote down reminders for up to
three personal strategies for inducing feelings of high positive arousal
and low positive arousal.

Once in the scanner, in-plane structural scans were acquired and
NAcc volumes of interest (VOI) were manually specified on structural
scans for extraction and presentation of the neurofeedback signal
using customized software (described below). Next, subjects performed
the neurofeedback task. Instructions preceded each of four trial blocks
informing subjects about whether they would receive feedback or not
(i.e., always in the same block order: “no feedback,” “feedback,” “feed-
back,” “no feedback”). Each trial block was separated by a 30 s rest peri-
od. During “feedback” trials, subjects saw cues indicating that they
should try to increase or decrease activity (10 s) accompanied by an ac-
tive thermometer (cue period+ 8 additional s) in which a ball began at

the 0marker, butmoved vertically as a function of NAcc activity (Fig. 1).
Subjects were instructed to modulate their brain activity during the cue
period, that the thermometer ball depicted their brain activity lagged by
6 s (i.e., the sumof the hemodynamic lag plus processing time), and that
the thermometer would be updated every 2 s (i.e., the length of time re-
quired to acquire awhole brain image). During “no feedback” trials, sub-
jects still saw cues indicating that they should try to increase or decrease
activity (10 s), but these cues were accompanied by an inactive ther-
mometer whose ball remained stationary at the 0 marker. Between
each pseudorandomly ordered increase and decrease trial within each
block, subjects fixated on a centrally located cross for a variable interval
(4–8 s; Fig. 1). Since each trial took an average of 24 s and each block in-
cluded 12 trials, each of the four blocks lasted 4 min and 48 s, summing
to 20min and 42 s for the entire task (including three 30 second breaks
between blocks).

Neural data acquisition

Functional images were acquired using a General Electric Signa
1.5 Tesla whole body scanner and a standard birdcage quadrature
head coil. Headmovementwasminimizedwith the use of an adjustable
bite bar. Task stimuli were projected on a back-projection screen visible
through amirror mounted on the head coil. Functional images included
contiguous 4 mm thick axial slices (no gap) extending from the pons
to the top of the skull. Functional images were acquired (TR =
2000 ms, TE = 40 ms, flip = 90°, 3.75 × 3.75 mm in-plane voxel size,
64 × 64 × 24 matrix) with a T2*-sensitive spiral in/out pulse sequence
designed to minimize artifacts at the base of the brain (Glover and
Law, 2001). Two sets of structural images were also acquired. Before
functional scanning, an in-plane structural image was acquired to
allow specification of the NAcc volumes of interest (24 contiguous
4 mm thick axial slices; TR = 14 ms, TE = 400 ms, 0.94 × 0.94 mm
in-plane resolution, 256 × 256 × 24 matrix). After functional scanning,
a high-resolution structural image was additionally acquired to fa-
cilitate spatial normalization and visualization of data in a standard
(i.e., Talairach) space (3D acquisition; T1-weighted spoiled grass se-
quence; 0.86 × 0.86 × 1.5 mm voxel size; 256 × 256 × 116 matrix).

Online fMRI data processing and analysis

Real-time fMRI data was acquired using custom modified software
(“BrainView”), which was developed at Stanford University. Right and
left NAcc volumes of interest were defined in one anatomical slice ac-
cording to previously published anatomical specifications (Breiter
et al., 1997; Knutson et al., 2008; 10 mm diameter on each side) using
the VOISelect subroutine of BrainView applied to axial in-plane struc-
tural images (Supplement 2, Appendix A). Functional data were aver-
aged across spiral in and out acquisitions (using weights derived from
a previous five-minute functional scan duringwhich subjects saw affec-
tive pictures, not further described in this report), corrected for motion
in six dimensions (i.e., x, y, z, pitch, roll, yaw; Genovese et al., 1997), and
averaged bilaterally across NAcc masks prior to being presented as
neurofeedback.

Neurofeedback signal was calculated in real time using the following
digital signal processing algorithm: Feedbackt= (Xt− mean(Xt − 20..t))/
(mean(Xt − 20..t)). In this algorithm, Xt indicates the current averaged
mask data from the NAcc, and Xt − 20..t indicates the preceding 20 TRs
(or 40 s) of NAcc data. The 40 s baseline was used to reduce the influ-
ence of slow signal changes and maintain comparability with post-
processed data, while also minimizing undue short-term influences of
activity fluctuations during the previous trial. Neurofeedback was
presented to subjects in the form of a ball marker superimposed on a
vertical graduated thermometer. The ball's position indicated the level
increase or decrease in activity relative to the rolling baseline. The ther-
mometer was initialized at 0% signal change (middle black line) and
ranged upward to 1% and downward to −1% signal change (signal
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changes that exceeded these limits remained at the maximum or min-
imum, and the rangewas based on signal changed observed in previous
experiments that elicited robust NAcc activity; e.g., Knutson et al.,
2001). The thermometer appeared adjacent to modulation cues, and
was continuously updated every 2 s, reflecting activity changes 6 s
prior to the update. This delay constituted the sum of the lag in the
hemodynamic response of the blood oxygen level dependent (BOLD)
signal (4 s) plus time needed for signal processing (2 s). To control for
visual stimulation associated with presentation of neurofeedback, “no
feedback” trials also presented a thermometer with a static ball 6 s
after cue presentation (Fig. 1).

Post-scan fMRI data processing and analysis

For post-scan analyses, data were submitted to standard pre-
processing protocols using AFNI software (Cox, 1996). First, spiral in
and out acquisitions were merged using weighting based on whole
scan average (Glover and Law, 2001). Next, data were corrected for
the timing of slice acquisition and motion in six dimensions. Finally,
time-series data were high-pass filtered to remove slow temporal
trends (N0.01 Hz) and slightly spatially smoothed with a Gaussian
kernel (4 mm FWHM; e.g., Sacchet and Knutson, 2013). These pre-
processed data were then submitted to whole brain analysis, volume
of interest analysis, functional connectivity analysis, and individual dif-
ference analyses.

Whole brain analyseswere conducted to verifywhether the increase
versus decrease instructions specifically elicited differential activity in
the NAcc during each block. Multiple regressions were conducted
using boxcar regressors that contrasted neural activity during cue pe-
riods of increase versus decrease trials. These regressors were con-
volved with a single gamma function modeling the hemodynamic
response prior to inclusion in the model (Cohen, 1997). Six motion-
related covariates were also included to account for potential motion
confounds, as well as terms that modeled baseline, linear and quadratic
trends.

Volume of interest analyses were conducted by averaging trial-
based activity time courses across all increase and decrease trials in

each block for each subject with custom Python code. These averaged
activity time courses were extracted using the same individualized
NAcc mask files used in online analysis. Data from control volumes of
interest were also averaged and extracted from spheres (8 mm diame-
ter) centered on foci showingmaximal activation during anticipation of
monetary incentives in a previous meta-analysis of studies of incentive
processing (Knutson andGreer, 2008). These volumes of interest specif-
ically focused on Talairach coordinates±30, 20, 2 for the anterior insula
and±4, 48,−2 for themedial prefrontal cortex. Averaged activity time
courses indicated that the most robust differences in activity occurred
during acquisition of the first two brain images during the modulation
period (i.e., the two 2-s volume acquisitions immediately following
an initial 4 s hemodynamic lag). Thus, these two acquisitions were
averaged to provide measures of peak activity for each individual
during each trial, which were then submitted to regression analyses
and posthoc comparisons. Finally, individual difference measures of
neurofeedback efficacy were calculated by subtracting peak activity
for the initial neurofeedback “off” block from peak activity for the
average of both neurofeedback “on” blocks (activity from the last
neurofeedback “off” block was not included in this calculation to avoid
incorporating data susceptible to influence by previous neurofeedback
experience).

Finally, functional connectivity analyses were conducted to identify
whether other brain regions might show increased functional connec-
tivity to the NAcc during neurofeedback. Specifically, we implemented
psychophysiological interaction analyses (Friston et al., 1997) that com-
bined activity from the NAcc seed region and a contrast of cued instruc-
tions (i.e. increase versus decrease) to construct the interaction term.
Multiple regressions were conducted for each block which included
reconvolved regressorsmodeling (1) deconvolved activity from bilater-
al NAcc regions of interest, (2) a contrast of increase versus decrease tri-
als (by applying a boxcar regressor to the cue period), and (3) the
interaction of these two regressors (providing the regressor of interest).
Six motion-related covariate regressors were also included in these
models to account for potential motion confounds, as well as models
of baseline, linear and quadratic trends, activity in white matter vol-
umes of interest, and activity in ventricular volumes of interest (Chang

Fig. 1. Task sequence and trial structure. Sessions involved Off, On, On, and Off blocks, each consisting of 12 pseudorandomly ordered increase and decrease trials, each of which included
periods for cue presentation with neurofeedback (10 s), continuing neurofeedback without the cue (8 s), and a variable intertrial interval (4–8 s).
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and Glover, 2009). Regression coefficients for the interaction termwere
used to evaluate the prediction that the medial prefrontal cortex
(MPFC) might show increased functional connectivity with NAcc activ-
ity during feedback (versus no feedback) blocks.

Self-report measures

After scanning, subjects completed a questionnaire inwhich they in-
dicatedwhether the instructionswere clear, whether cues and feedback
were visible, and whether task timing was too short or long. Subjects
also indicated their perceived success at controlling their NAcc activity
for each block on scales indexing motivation, alertness, confidence,
lack of difficulty, and memorial clarity (i.e., on 1–7 point Likert scales
running from “very untrue” to “very true”). Since “motivated” and
“alert” ratings were robustly correlated within each block (r's N 0.62),
these ratings were averaged within each subject to form a com-
posite index of motivation for each block. Subjects also rated their
affective reactions to increase and decrease cues in terms of valence
and arousal (i.e., on 1–9 point Likert scales running from “bad” to
“good” for valence and “not at all” to “extremely” for arousal). Affect rat-
ings were then mean-centered and rotated forty-five degrees through
two-dimensional space to derive measures of cue-elicited “positive
arousal” and “negative arousal” (i.e., positive arousal = ((arousal − 4) /

sqrt(2)) + ((valence − 4) / sqrt(2)); negative arousal = ((arousal −
4) / sqrt(2)) − ((valence− 4) / sqrt(2)); (Knutson et al., 2005). Affect
ratings were transformed, since measures that include both valence
andarousal have correlatedmost robustlywithNAcc activity in previous
research.

Subjects were also asked to provide open-ended written descrip-
tions of strategies that they used during each block of the study.
Words from these strategy descriptions were classified with the Lin-
guistic Inquiry and Word Count dictionary (Pennebaker et al., 2001)
with respect to positive and negative words, which were then calculat-
ed as percentages of the total words in each description (since three
subjects did not provide self-report data, a total of 22 subjects' self-
report data were analyzed).

Results

Neural activity

Whole brain analyses
Whole brain contrasts of increase versus decrease instructions acti-

vated a broad range of brain regions implicated in reward processing in-
cluding the NAcc during all four blocks of the experiment (all Z's N 4.2,
p's b .05, corrected; Fig. 2A, Supplement 3, Appendix A).

A

B

C

Fig. 2.NAcc activity in response to increase versus decrease cues across blocks. A. Whole brain maps of activity for increase versus decrease contrasts across blocks (thresholded
at p b .0001, uncorrected). B. Activation time courses from bilateral NAcc volumes of interest for increase versus decrease trials across blocks (mean ± SEM; cue presentation period
highlighted). C. Peak activation for increase versus decrease trials across blocks (mean ± SEM; *p b .05; ***p b .001).
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Volume of interest analyses
A general linear model tested the effects of (1) cued instruction

(increase versus decrease); (2) feedback (on/off); (3) time (i.e., four
consecutive blocks); and their interactions on NAcc volume of interest
activity, where fixed effects of subjects were modeled with dummy
regressors.We predicted that cued instructionwould have amain effect
on NAcc activity, and that feedback might enhance cued instruction,
as reflected by an interaction of cued instruction by feedback. Consistent
with these predictions, analyses revealed significant main effects of
cued instruction (t(169) = 11.40, p b 0.0001), feedback (t(169) =
3.20, p b 0.01), and time (t(169) = −2.50, p = 0.014), as well as sig-
nificant interactions of cued instruction by feedback (t(169) = 2.32,
p b 0.05), and feedback by time (t(169) = −2.01, p b 0.05), but not
of cued instruction by time (t(169) = −0.02, p = 0.99) or the three-
way interaction of these factors (t(169) = −0.56, p = 0.56; Table 1).
Posthoc comparisons revealed greater NAcc activity for all increase ver-
sus decrease trials (t(24)= 8.09, p b 0.0001; Fig. 2B), and even greater
NAcc activity during feedback periods than during no feedback periods
for increase trials (t(24) = 4.60, p b 0.001), but no difference for de-
crease trials (t(24) = 0.57, p = 0.60; Fig. 2C). Together, these findings
indicated that subjects could increase NAcc activity when presented
with the increase cue, and further that these elevations were signifi-
cantly augmented by presentation of feedback (see also Supplement
4, Appendix A).

To rule out nonspecific effects of neurofeedback, we also analyzed
activity in medial prefrontal cortex (MPFC) and anterior insula volumes
of interest using the same general linear model analysis described
above. These regions were chosen for comparison since they have pre-
viously been implicated in affect and valuation (Knutson and Greer,
2008), but were not specifically targeted by neurofeedback in this
experiment. Consistent with their role in affect and valuation, while in-
struction (increase versus decrease) showed a significantmain effect on
both MPFC (t(169) = 5.03, p b 0.0001) and anterior insula activity
(t(169) = 7.94, p b 0.0001), there were no significant main effects of
feedback, time, or any interactions of these factors on activity in either
comparison region (Table 1).

Functional connectivity
Consistent with the notion that the MPFC might utilize neuro-

feedback information to modulate NAcc function via unidirectional
projections, activity in the MPFC and NAcc were not functionally
correlated during the two nonfeedback blocks, but were significant-
ly more functionally correlated during the two neurofeedback
blocks, as confirmed by a t-test contrasting connectivity coefficients
for feedback on versus off blocks in the MPFC volume of interest
(t(24) = 2.40, p b 0.05). These findings suggest that providing
neurofeedback increased functional connectivity between the
MPFC and NAcc (Fig. 3).

Self-reported motivation and affect
A general linear model analyzed the effects of (1) feedback (on/off);

(2) time (i.e., four consecutive blocks); and (3) their interaction on the
motivation index. This analysis revealed significantmain effects of feed-
back (t(95) = 5.64, p b 0.001) and time (t(95) = −2.86, p b 0.01),
but no interaction of feedback by time (t(95) = −1.08, p = 0.28) on
motivation. Individual differences in motivation only correlated
with subjects' ability to increase NAcc activity during the final block
when feedback was not presented (r(25) = 0.42, p b 0.05) but not
during other blocks (i.e., block 1: r(25) = −0.36, p = 0.08; block 2:
r(25) = −0.09, p = 0.96; block 3: r(25) = 0.29, p = 0.15; Fig. 4).

Qualitative semantic analysis of words that subjects used to describe
strategies for increasing and decreasingNAcc activity after scanning also
suggested that words associated with high positive arousal were used
more often to describe strategies for increasing NAcc activity, but
words associated with low positive arousal were used more often to
describe strategies for decreasing NAcc activity (i.e., represented
by word size in Fig. 5). These qualitative impressions were confirmed
by quantitative word counts, since a greater percentage of positive
emotional words used to describe strategies for increasing versus
decreasing NAcc activity (t(21) = 5.77, p b .001). Percentage of
negative emotional words used to describe strategies for increasing
versus decreasing NAcc activity did not, however, significantly differ
(t(21)=−2.02, p= .06). Consistentwith instructions, subjects report-
ed that the increase cue-elicited greater positive arousal than the de-
crease cue (t(24) = 5.30, p b 0.001; Fig. 4), but that the increase and
decrease cues did not differentially elicit negative arousal (t(24) =
1.40, p = 0.20). Finally, individuals also varied in their NAcc neuro-
feedback efficacy — or their ability to increase NAcc activity in re-
sponse to feedback versus no feedback (during the first session).
Individuals with higher NAcc neurofeedback efficacy also reported
experiencing greater positive arousal in response to the increase cue
(r(22) = .62, p b .005; Fig. 5), but not greater negative arousal in re-
sponse to the increase cue (r(22)= .25, n.s.), consistentwith facilitation
by positive arousal rather than general arousal.

Discussion

By combining a targeted procedure with fMRI scanning, we found
that people could modulate their nucleus accumbens (NAcc) activity,
and that NAcc neurofeedback significantly enhanced this ability. Sub-
jects were more able to increase NAcc activity than decrease it, howev-
er, and enhanced control did not persist after subsequent removal of
neurofeedback. Individuals who recruited positive aroused affect were
better able to increase NAcc activity in response to neurofeedback, and
NAcc neurofeedback also elicited functionally correlated activity in the
medial prefrontal cortex.

These findings thus provide an initial demonstration that people
can voluntarily increase their NAcc activity, and further suggest

Table 1
Influence of cued instruction, time, and neurofeedback on neural activity.

NAcc MPFC Ant. Insula

t(169) p t(169) p t(169) p

Instruction (Increase/decrease) 11.35 b0.0001 5.03 b0.0001 7.94 b0.0001
Time (blocks 1–4) −2.48 0.0143 0.45 0.6536 −1.93 0.0553
Feedback (on/off) 3.21 0.0016 1.67 0.0961 −0.23 0.8195
Feedback ∗ Time −2.01 0.0460 0.41 0.6807 −0.84 0.4031
Feedback ∗ Instruction 2.32 0.0218 −1.42 0.1572 −0.09 0.9283
Instruction ∗ Time −0.02 0.9860 0.16 0.8712 −0.54 0.5915
Feedback ∗ Instruction ∗ Time −0.59 0.5588 −0.36 0.7190 −1.05 0.2947
Constant 4.94 b0.0001 3.51 0.0006 4.91 b0.0001
Full Model F(168) 7.71 b0.0001 4.31 b0.0001 2.14 0.001
Full Model R2 0.59 0.44 0.28

Bold values indicate significance associations.
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that neurofeedback may promote their efforts. Several issues, however,
remain unresolved. First, consistent with previous research (Knutson
and Cooper, 2005), and as indicated by timecourse analyses, subjects
could only increase NAcc activity for a brief period of time (i.e., on
the order of seconds). This brief duration may reflect time-limited neu-
rochemical events, such as the phasic availability of dopamine in the
NAcc synapse (Knutson and Gibbs, 2007). Further research will be nec-
essary to determine how long increased NAcc activity can be sustained.
Methodologically, these findings imply that without sufficient temporal
resolution, neurofeedback protocols risk missing detection of fast
changes in neural activity. Second, subjects were more successful at
increasing NAcc activity above baseline than decreasing NAcc activity
below baseline, consistent with the notion that reward feedback related
to successfully decreasing NAcc activity could have paradoxical effects,
potentially even canceling out earlier decreases. Future research will
need to comprehensively characterizewhether subjects can significant-
ly decrease NAcc activity and to what extent, possibly by introducing
greater temporal separation between modulation cues and feedback.
Third, although neurofeedback enhanced subjects' abilities to increase

NAcc activity, this enhancement did not significantly carry over into
subsequent trials when feedback was no longer available (consistent
with neurofeedback studies of other deep brain structures including
the subgenual cingulate in Hamilton et al., 2011 and ventral tegmental
area in Sulzer et al., 2013b). With more extensive or repeated training,
however, enhancements might transfer into subsequent nonfeedback
periods (e.g., consistent with learning effects) — a possibility worthy
of future exploration.

The findings also illuminate psychological moderators of peoples'
ability to increase their NAcc activity. Importantly, individuals who
reported experiencingmore positive arousal in response to the increase
cue also showed greater NAcc neurofeedback efficacy, indexed by their
ability to further increase their NAcc signal after encountering feedback.
Motivation also changed over the course of the experiment in a pattern
that mirrored neurofeedback success. Althoughmotivation was highest
during neurofeedback trials, it remains unclear whether this increase
represented time-dependent tradeoffs between increasing proficiency
followed by increasing fatigue or actual effects of the neurofeedback.
Increasing fatigue would be consistent with the observed significant

20

15

10

5

0

BA

Fig. 3.MFPC–NAcc functional connectivity across blocks. A. MPFC volume of interest. B. Difference in functional connectivity of MPFC–NAcc during feedback on versus feedback off blocks
(*p b .05).

BA

Fig. 4. Individual differences in motivation correlate with neurofeedback transfer. A. Motivation increased for feedback on versus off blocks, but correlated with peak activity only during
the last off block, B. correlation of individual differences in motivation with peak NAcc activity during the last off block.

242 S.M. Greer et al. / NeuroImage 96 (2014) 237–244



Author's personal copy

effects of time on NAcc activity and may suggest limits on the length of
training sessions. Individual differences in motivation were only corre-
lated with success at increasing NAcc activity during the final block of
trials, when neurofeedback was not presented. This finding suggests
that transfer effects may be strongest for individuals who maintain
their motivation after neurofeedback practice, but more extensive re-
search will be necessary to test the robustness and stability of these in-
dividual differences in transfer.

Functional connectivity analyses suggested thatMPFC activity signif-
icantly correlated with NAcc activity during neurofeedback trials, but
not during trials without neurofeedback. This finding is consistent
with research implicating the MPFC in processing reward feedback
(e.g., Knutson and Greer, 2008; Knutson et al., 2003). Thus, neuro-
feedback may have enhanced subjects' ability to increase their own
NAcc activity by recruiting unidirectional glutamatergic projections
from the MPFC. These pathways, which are well-characterized in
primates (Haber, 2003), have recently been verified in humans by
researchers using diffusion tensor imaging (Cohen et al., 2008;
Draganski et al., 2008), and their structural integrity has been shown
to correlate with individual differences in reward learning (Samanez-
Larkin et al., 2012). Future research may determine whether more ex-
tensive neurofeedback training enhances functional or even structural
connectivity between the MPFC and NAcc.

The present findings rule out a number of alternative accounts for
subjects' success in increasing their NAcc activity. First, mere presenta-
tion of instructions did not cause increases in NAcc activity, since pre-
sentation of decrease cues did not significantly change NAcc activity.
Second, mere exposure to feedback did not cause increases in NAcc ac-
tivity, since presentation of neurofeedback after decrease cues did not
significantly change NAcc activity. Third, increases in NAcc activity
could not be attributed to changes in the activity of other theoretically
relevant brain regions, since activity in the MPFC and anterior insula
did not show similar responsiveness to instruction cues or feedback.
Fourth, increases in NAcc activity were more strongly associated with
changes in positive arousal thanwith general or negative arousal, as im-
plied both by changes in motivation during the session and positive
arousal (but not negative arousal) elicited by the increase cues (Fig. 5).

By demonstrating that people can modulate their own NAcc activ-
ity, these findings contribute to a growing fMRI-based neurofeed-
back literature. Recent fMRI neurofeedback studies have begun to

venture beyond primary sensory and motor cortices to target deep
evolutionarily-conserved circuits implicated in motivation and affect
(Caria et al., 2007; Posse et al., 2003; Sitaram et al., 2011). In perhaps
the most relevant recent demonstration, investigators focused on a
reward-related region housing dopamine neurons that project to the
NAcc — the ventral tegmental area (VTA) of the midbrain (Sulzer
et al., 2013a,b). As in the present experiment, Sulzer and colleagues
also found evidence for enhanced modulation of VTA activity during
presentation of neurofeedback, but did not find evidence for transfer
after the withdrawal of feedback. Still, when seeking to control both
VTA and NAcc activity, repeated and spaced training might eventually
improve subjects' chances of transferring skills learned during feed-
back to contexts without feedback (e.g., deCharms et al., 2004). Once
the ability to modulate activity in a specific brain region has been
established, the affordances and boundaries of skill transference can
then be explored and mapped.

Because our procedure was optimized to elicit NAcc activity,
this study contributes a number of advances beyond previous research.
For example, we sought to present and elicit phasic changes rather
than tonic changes in NAcc activity, used a randomized order of instruc-
tional cues to minimize anticipatory confounds, and did not include
control conditions likely to induce lasting expectations of failure
(e.g., sham feedback manipulations). Additionally, with respect to pro-
cessing NAcc neurofeedback, we did not covary outwhole brain signals,
since activity in many other brain regions correlates with NAcc activity,
but instead computed a rolling difference between current and preced-
ing NAcc activity to resolve second-to-second dynamic fluctuations.
This within-subjects design, however, also has some weaknesses. Al-
though we included the within-subject comparison of instructions to
decrease (versus increase) NAcc activity, which allowed us to address
several alternative explanations for the observed activity, we did not
include a between-group control experiment involving only sham feed-
back. Future studies should test such a control condition, which under-
standably may elicit pervasive and lasting expectations of failure. Also,
as mentioned previously, conditions conducive to transfer effects re-
main to be established.

Beyond methodological contributions, the current findings have
implications for theory.With respect to psychological function, thefind-
ings support an anticipatory affect account of NAcc activity (Knutson
andGreer, 2008), since cues for increasingNAcc activity evoked positive
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arousal but not negative arousal,motivated subjects seemed best able to
maintain enhancements from NAcc neurofeedback, and subjects' self-
reported strategies for effectively increasing NAcc activity involved
strategies that invoked positive arousal. If positive arousal can increase
NAcc activity, this knowledge may help subjects to most effectively im-
plement neurofeedback control of this region. These findings also com-
plement affect regulation findings in which subjects were able to
decrease their NAcc activation to exciting monetary cues (Delgado
et al., 2008) or drug cues (Kober et al., 2010). In the present experiment,
however, neurofeedback-based control more potently increased than
decreased NAcc activity, which could critically inform clinical applica-
tions. Beyond its association with affect in healthy individuals, blunted
NAcc activity has been associated with troublesome psychiatric symp-
tomprofiles, including a lack ofmotivation in the context of schizophre-
nia (e.g., Juckel et al., 2006), and hyperactivity in the context of ADHD
(e.g., Scheres et al., 2007). If disordered patients can also be taught to
modulate their NAcc activity, this might have a transient or even lasting
impact on relevant psychiatric symptoms, and so could complement
existing therapeutic techniques.

Conclusion

These findings provide an initial demonstration that humans can
voluntarily increase their NAcc activity, and that fMRI neurofeedback
may enhance this control. The findings also imply that positive arousal
may promote NAcc neurofeedback and that neurofeedback may
enhance NAcc connectivity with the medial prefrontal cortex. NAcc
neurofeedback may eventually facilitate healthy motivation and learn-
ing, as well as target and treat troublesome psychiatric symptoms.
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