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Abstract: The nucleus accumbens and medial frontal cortex (MFC) are part of a loop involved in modu-
lating behavior according to anticipated rewards. However, the precise temporal landscape of their elec-
trophysiological interactions in humans remains unknown because it is not possible to record neural
activity from the nucleus accumbens using noninvasive techniques. We recorded electrophysiological ac-
tivity simultaneously from the nucleus accumbens and cortex (via surface EEG) in humans who had elec-
trodes implanted as part of deep-brain-stimulation treatment for obsessive–compulsive disorder. Patients
performed a simple reward motivation task previously shown to activate the ventral striatum. Spectral
Granger causality analyses were applied to dissociate ‘‘top–down’’ (cortex ! nucleus accumbens)- from
‘‘bottom–up’’ (nucleus accumbens ! cortex)-directed synchronization (functional connectivity). ‘‘Top–
down’’-directed synchrony from cortex to nucleus accumbens was maximal over medial frontal sites and
was significantly stronger when rewards were anticipated. These findings provide direct electrophysio-
logical evidence for a role of the MFC in modulating nucleus accumbens reward-related processing and
may be relevant to understanding the mechanisms of deep-brain stimulation and its beneficial effects on
psychiatric conditions. Hum Brain Mapp 33:246–252, 2012. VC 2011 Wiley Periodicals, Inc.
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INTRODUCTION

The nucleus accumbens is widely implicated in motiva-
tion, learning, and adaptive behavior [Haber and Knutson,
2010]. Activity within the human nucleus accumbens
increases during reward anticipation [Knutson et al., 2001]
and feedback that signals the need to adjust behavior
[Cohen et al., 2009b; O’Doherty et al., 2004]. Dysfunctional
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nucleus accumbens functioning has been implicated in a
range of disorders, including obsessive–compulsive disor-
der (OCD), depression, schizophrenia, drug abuse, and
ADHD [Juckel et al., 2006; Kienast and Heinz, 2006; Wise,
1996]. Clearly, this relatively small brain area plays a large
role in cognitive and emotional processing.

Invasive tract tracing results in primates demonstrate a
unidirectional monosynaptic connection from areas of the
medial frontal cortex (MFC) to the nucleus accumbens
[Haber et al., 1995], suggesting that the MFC provides
top–down signals that regulate nucleus accumbens proc-
essing. Here, we examined the dynamics of interactions
between the nucleus accumbens and the cortex by record-
ing local field potentials directly from the nucleus accum-
bens, simultaneously with surface EEG electrodes that
measure cortical activity, of patients undergoing deep
brain stimulation (DBS) surgery for the treatment of OCD.
DBS is a technique in which stimulating electrodes are
placed into the brain to alleviate symptoms of various dis-
eases, including movement disorders and acute psychiatric
conditions. DBS to the nucleus accumbens is a promising
treatment option for major depression [Schlaepfer et al.,
2008) and OCD (Denys and Mantione, 2009]. Relevant to
scientific investigation, there is a brief period of time in
which electrophysiological signals can be recorded directly
in the nucleus accumbens from implanted but distally
externalized DBS electrodes, while patients are awake and
able to participate in cognitive tasks. Though issues of dis-
ease influence on the activity arise because there is no
healthy control group, these recordings provide a unique
and unparalleled opportunity to examine the fine temporal
structure of electrical activity of the nucleus accumbens
and its interactions with electrical activity in the cortex in
a way not otherwise possible in humans.

We simultaneously recorded nucleus accumbens electri-
cal activity and surface EEG activity in six patients while
they performed a simplified version of the monetary-in-
centive-delay task [Knutson et al., 2001], which has been
used to elicit ventral striatal activity in healthy individuals
and a range of patient groups. These findings provide
unique evidence for the rapid electrophysiological interac-
tions between the cortex and ventral striatum during
reward processing, with a temporal resolution not nor-
mally possible in humans.

MATERIALS AND METHODS

Patients

Six patients (aged 34–56, mean ¼ 41.5) undergoing DBS
surgery for treatment of OCD participated in the task. The
implantation of the electrodes was performed according to
standard stereotactic procedures using frame-based MRI
for target determination, as described elsewhere [Denys
et al., in press]. The location of electrode placement was
made entirely on clinical grounds. The ethics committee at
the University of Amsterdam Academic Medical Center
approved this experiment.

Task

Patients performed a simplified version of the mone-
tary-incentive-delay task [Knutson et al., 2001]. In the task
(Fig. 1A), patients saw one of two visual cues indicating
that a reward either was or was not possible on that trial,
then, after a delay of 2 s, pressed a response button as
quickly as possible to a target stimulus. The experiment

Figure 1.

Overview of task (A) and nucleus accumbens oscillation power results (B). The right-most plots

show pixels in which oscillation power was significantly greater during reward anticipation com-

pared to no-reward anticipation (P < 0.05 with cluster thresholding). [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]
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took place in a quiet testing room after implantation of the
DBS electrodes, and patients were without anesthesia or
sedation at the time. The task was run on a desktop com-
puter, which was equipped with a cable that sent TTL
pulse triggers to the EEG acquisition with millisecond-pre-
cision information about when events in the experiment
occurred. Because of technical issues, response button trig-
gers were not sent to the EEG.

EEG Recording

EEG data were collected in a quiet testing room after
implantation of the DBS electrodes. The DBS electrodes
are Medtronic model 3389. Each DBS probe (one per hemi-
sphere) contains four electrode contacts (1.27 mm diame-
ter, 1.5 mm length, and 0.5 mm spacing between contacts).
Continuous EEG from these electrodes was sampled at
1,000 Hz. Simultaneous recordings were taken from 12
surface EEG electrodes (F3, F4, Fz, C3, C4, Cz, FCz, P3, P4,
Pz, FC3, and FC4). Because precise source localization is
difficult with such few electrodes, we use the term ‘‘MFC’’
as a general anatomical descriptor without implying pre-
cise anatomical origin of the topographic activity.

Offline, surface EEG data were rereferenced to linked
mastoids, and nucleus accumbens activity in each hemi-
sphere was rereferenced to the average activity of all four
contacts in that hemisphere. This subtracts potentially vol-
ume-conducted activity from distant sources. Data from
the ventral-most contact, which anatomically is located in
the nucleus accumbens shell, were used in the analyses
presented in the main text. Results from other contacts
were similar. Trials were manually inspected and rejected
if they contained artifacts. Surface EEG data were sub-
jected to independent components analysis using EEGLAB
[Delorme and Makeig, 2004], and components containing
blinks/ocular artifacts were removed from the data.

Oscillation Power and Phase Synchrony Analyses

Time–frequency decomposition was conducted via
wavelet analysis, in which the complex power spectrum of
the single-trial EEG time series (obtained from FFT) was
multiplied by the complex power spectrum of a family of
complex Morlet wavelets, and then the inverse Fourier
transform was taken. This is equivalent to, but faster than,
time-domain convolution. The wavelets were defined as
Gaussian-windowed complex sine waves, ei2ptf e�t2=ð2r2Þ, in
which t is time and f is frequency, which increased from
1 to 100 Hz in 50 logarithmically spaced steps. r defines
the width of each frequency band and is set according to
4/(2pf), which provides an adequate trade-off between
time and frequency resolution. After convolution of the
wavelet with the EEG, power is defined as the modulus of
the resulting complex signal Z[t] (power time series: p(t) ¼
real[z(t)]2 þ imag[z(t)]2). The baseline was defined as aver-
age frequency power from �300 to �100 ms prior to the

onset of the cue. Finally, stimulus-induced power time
courses were normalized by converting the baseline-cor-
rected signal to a decibel (dB) scale (10 log 10[power/base-
line]); this allows for direct comparison of effects across
frequency bands and patients.

Spectral Granger causality estimates the influence of ac-
tivity in one region over activity in another region. It is
defined as the ratio of error variances resulting from a uni-
variate autoregression, in which nucleus accumbens activ-
ity is predicted from previous nucleus accumbens activity,
to the those resulting from a bivariate autoregression, in
which nucleus accumbens activity is predicted from previ-
ous activity in both the nucleus accumbens and surface
EEG electrodes. This ratio (termed ‘‘Granger gain’’ in the
main text) provides an estimate of the directed synchrony
from the cortex to the nucleus accumbens (‘‘top–down’’).
Estimating directed synchrony from the accumbens to the
cortex (‘‘bottom–up’’) is done using the same procedure
but swapping the order of the data in the analyses. This
analysis is computed repeatedly over sliding windows,
thus estimating the time course of directed synchrony. We
used an autoregression order of 5 and a sliding window of
200 ms. Preliminary analyses using a range of parameters
suggest that those parameter settings were optimal; none-
theless, because the same parameters are applied to all
conditions, timepoints, and patients, parameter selection
could not have influenced the overall patterns of results.
Note that the spectral Granger causality analyses were not
optimized for frequency resolution, but rather for sensitiv-
ity to differences in directionality and across conditions.
Thus, in these analyses, the differences in the direction of
the effects and their modulation by reward anticipation
are more important than the precise frequency ranges in
which the effects occur.

Statistics

Because of the small number of patients, we opted for
nonparametric permutation testing for statistical signifi-
cance. This allowed us to rely on observed characteristics
of the dataset rather than to rest the analyses on assump-
tions regarding the distribution of the data and the charac-
teristics of the error covariance matrices. In the
permutation tests, the labeling of condition and patient
was randomly shuffled, and the difference between
randomized conditions was computed. Values were not
shuffled over time or frequency, thus conserving inherent
time–frequency smoothing and scaling. One thousand per-
muted difference maps were computed, creating a distri-
bution at each time–frequency point of the differences
expected under the null hypothesis. Then, at each pixel, a
Z value was computed as the difference between the true
observed difference and the average permuted difference,
scaled by the standard deviation of the permuted differen-
ces. This time–frequency map of Z values thus reflects the
distance of the observed data from a distribution of data
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expected under the null hypothesis of no differences
between conditions. These maps were then thresholded
such that pixels with a Z value corresponding to a P value
of 0.05 two-tailed were set to zero (green color). Finally, a
cluster threshold was applied such that clusters compris-
ing fewer than 100 contiguous pixels were also eliminated.
Based on permutation testing, this corresponds roughly to
a cluster-level threshold of P < 0.05.

The correlation with hand electromyographic (EMG) ac-
tivity was done by computing Granger causality during
the anticipation period of each trial and correlating this ac-
tivity (across trial within each patient) with the average
EMG activation from a 150-ms window surrounding the
postresponse peak in the rectified data.

RESULTS

We first examined local oscillatory activity within the
left and right nucleus accumbens using a complex wavelet
convolution analysis in combination with group-level non-
parametric permutation testing for statistical thresholding
(see Materials and Methods). We found that nucleus
accumbens oscillation power in the theta frequency band
increased significantly compared to baseline during the
anticipation period and that there was a significant
increase in oscillation power during anticipation of

rewards compared to anticipation of no rewards (Fig. 1B).
These findings suggest that hemodynamic activity
observed during reward anticipation [Knutson et al., 2001]
may be driven by enhanced theta frequency oscillations.

We next applied spectral Granger causality to estimate
the influence of cortical activity on subsequent nucleus
accumbens activity (‘‘top–down"-directed synchrony) and
the influence of nucleus accumbens activity on subsequent
cortical activity (‘‘bottom–up"-directed synchrony). Top–
down-directed synchrony was strongest over medial
frontal sites (see Fig. 2) in low frequencies, whereas
bottom-up-directed synchrony from the nucleus accum-
bens to the cortex was weaker and with a less well-defined
topography. These findings suggest that the MFC has a
strong influence over accumbens activity, whereas accum-
bens activity has little direct influence over cortical
activity.

On the basis of these topographical distributions, we
selected electrode Fz (located over MFC) for further statis-
tical analyses. Top–down-directed synchrony was stronger
during reward anticipation compared to no reward antici-
pation (Fig. 3A,B). This was statistically significant in the
left accumbens (Fig. 3C) and was numerically in the same
direction in the right accumbens (Fig. 3E–G). Statistical
analyses also confirmed that top–down-directed synchrony
was stronger than bottom–up-directed synchrony (Fig.
3D,H).

Figure 2.

Topographical distribution of directed synchrony during the

anticipation delay, estimated through Granger causality. Hotter

colors indicate increased directed synchrony from the surface

EEG electrodes to the left and right nucleus accumbens (top

row) and weaker directed synchrony from the nuclei accumbens

to the surface EEG electrodes (bottom row). Data are averaged

from 600 to 1,800 ms, 1–4 Hz. This time window was selected

to exclude transient stimulus-evoked dynamics. [Color figure

can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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In a final analysis, we tested whether this Fz ! accum-
bens synchrony was related to preparation of the upcom-
ing motor response. Specifically, we correlated the
strength of ‘‘top–down’’-directed synchrony during the
anticipation delay with the rectified and filtered EMG re-
cording from the hand used to indicate the response. Cor-
relation coefficients were not consistent or significant
across patients (Spearman’s rank correlation, all rs <0.1).

DISCUSSION

The nucleus accumbens is a major convergence zone for
disparate inputs from MFC and orbitofrontal cortex, hip-
pocampus, amygdala, the thalamus, and midbrain dopa-
mine regions [Groenewegen et al., 1996] and may integrate
across these inputs to compute reward prediction signals
[e.g., Cromwell et al., 2005; Knutson et al., 2001; Small
et al., 2001]. By recording simultaneously from the cortex
(via surface EEG) and directly from the nucleus accum-
bens with high temporal precision, we could examine the
rapid flow of information between them. We found that
top–down-directed synchrony from the cortex to the nu-
cleus accumbens was maximal over medial frontal scalp
sites and increased during reward anticipation compared
to no reward anticipation. Bottom–up-directed synchrony,
in contrast, was relatively weak and not modulated by

reward condition. Indeed, this pattern of MFC ! accum-
bens flow of information is consistent with known anatom-
ical connectivity: Regions of the MFC including anterior
cingulate directly project to, and can modulate activity
and dopamine levels in, the ventral striatum [Brady and
O’Donnell, 2004; Jackson et al., 2001]. In contrast, the
nucleus accumbens can send information back to cortex
only indirectly, via the thalamus or ventral tegmental area
[Carr and Sesack, 2000; Haber and Calzavara, 2009; Haber
et al., 2000]. Nonetheless, our findings do not necessarily
imply a monosynaptic connection: In theory, it is possible
that a third region (e.g., mediodorsal nucleus of the thala-
mus, hippocampus, and amygdala) acts as a mediator
between the cortex and nucleus accumbens. It is also possi-
ble that a third region projects to both the MFC and the nu-
cleus accumbens but to the MFC faster. In relation, Granger
causality may not be ideally suited to detect possible indi-
rect modulations of the nucleus accumbens on MFC activity
via its influence over the midbrain dopamine system,
which in turn projects diffusely to the prefrontal cortex.

Because of spatial limitations of low-density surface
EEG, it is not possible to determine the precise cortical
region within the MFC that generates the observed top–
down signal. Based on anatomical studies in nonhuman
primates, ventromedial prefrontal cortex and dorsal ante-
rior cingulate provide prominent input into the nucleus
accumbens [Haber et al., 2006]. Studies of human

Figure 3.

Spectral Granger time–frequency plots show a sustained

increase in directional synchrony from electrode Fz (located

over MFC) to the nucleus accumbens, which was stronger dur-

ing anticipation of rewards compared to anticipation of no

rewards. (A) Time–frequency plots of ‘‘top–down’’ (Fz ! left

accumbens) for no reward (right) and reward (left) conditions.

(B) Similar plots of ‘‘bottom–up’’ (left accumbens ! Fz).

(C) Time–frequency points in which top–down synchrony was

significantly stronger for anticipation of reward compared to

anticipation of no reward (red colors). (D) Time–frequency

points in which top–down synchrony was significantly stronger

than bottom–up during the reward anticipation condition.

(E–H) Same as A–D but for the right nucleus accumbens.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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hemodynamic imaging also suggest functional connectivity
between the ventral striatum and the anterior cingulate
[Cohen et al., 2005; Harrison et al., 2009; Ma et al., 2010].
The present findings are less likely to be driven by ventro-
medial prefrontal regions due to its depth and distance
from the electrodes. Future recordings with a denser sur-
face EEG array (e.g., 64 or more electrodes) or MEG
recordings may improve cortical localization. Nonetheless,
despite the limitation on precise source localization, these
findings demonstrate a strong top–down modulatory role
of the prefrontal cortex over the ventral striatum.

These and other findings [Cohen et al., 2009a,b; Munte
et al., 2007] suggest that electrophysiological oscillatory
synchrony may be the mechanism that allows the MFC
and other limbic regions to bias processing in the ventral
striatum according to goals, context, and reinforcements.
We have previously suggested that when signaling the
need to adjust behavior, the functional organization of a
limbic network in which the nucleus accumbens plays a
key role shifts from a local to a more global configuration
[Cohen et al., 2009b]. The present findings buttress this
idea and suggest that the MFC provides a top–down bias-
ing signal that may modulate reward signaling in the nu-
cleus accumbens. Further, by recording simultaneously
from the finger muscles, we could rule out a simple alter-
native hypothesis that the top–down signal reflected a
direct motor process.

These findings are also interesting from a clinical
perspective because DBS to the MFC (white matter of the
subgenual cingulate area 25) has proven effective at allevi-
ating psychiatric conditions, specifically major depression
[Mayberg et al., 2005]. It is possible that part of this effect
is related to DBS-induced top–down modulation of
the ventral striatum. Even though these two DBS targets
may have unique patterns of connectivity on their own
[Gutman et al., 2009], because DBS can stimulate distant
regions due to antidromic activation and modulatory
effects [McCracken and Grace, 2009], DBS to either nucleus
accumbens or cingulate area 25 may have overlapping
functional consequences.

Generalizability of these findings to healthy individuals
is important to consider. We have previously discussed
limitations of invasive nucleus accumbens DBS recordings
in more depth [Cohen et al., 2009a,b]. As in previous stud-
ies, stimulation had not begun before the recordings, and
so long-lasting effects of DBS could not have influenced
our results. The principal issue with regard to generaliza-
tion to healthy brains is that there is no adequate control
group because DBS surgery will always target circuits
thought to be dysfunctional. Nonetheless, findings sup-
porting a directional flow of information from the MFC to
the nucleus accumbens are consistent with the known
direction of anatomical fiber pathways. Thus, we expect
that the magnitude of these effects—and not their qualita-
tive patterns—are stronger in healthy controls compared
to patients with OCD. For example, such a quantitative
but not qualitative difference in cortical–striatal functional

connectivity between OCD patients and controls has been
observed with functional MRI [Remijnse et al., 2006].
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