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Abstract: The brain shows a high degree of activity at rest. The significance of this activity has come
increasingly into focus. At present, however, the interaction between this activity and stimulus-induced
activity is not well defined. The interaction between a task-negative (perigenual anterior cingulate cor-
tex, pgACC) and task-positive (supragenual anterior cingulate cortex, sgACC) region during a simple
task was thus investigated using a combination of fMRI and MRS. Negative BOLD responses in the
pgACC were found to show a unidirectional effective connectivity with task-induced positive BOLD
responses in the sgACC. This connectivity was shown to be related specifically with glutamate levels
in the pgACC. These results demonstrate an interaction between deactivation from resting-state and
resting-state glutamate levels in a task-negative region (pgACC), and task-induced activity in a task-
positive region (sgACC). This provides insight into the neuronal and biochemical mechanisms by
means of which the resting state activity of the brain potentially impacts upon subsequent stimulus-
induced activity. Hum Brain Mapp 00:000-000, 2010. ~ © 2010 Wiley-Liss, Inc.
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INTRODUCTION

Additional Supporting Information may be found in the online

version of this article. The significance of high resting-state activity in the brain

has been the focus of increasing interest [Carhart-Harris
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and Friston, 2010; Northoff et al.,, 2010; Raichle, 2009].
Prominent in these investigations have been the set of
regions, known as the default-mode network (DMN), that
show a consistent pattern of deactivation from this high
resting-state activity in response to the presentation of
tasks or stimuli, as well as a high degree of functional con-
nectivity during rest [Beckmann et al., 2005; Broyd et al.,
2009; Buckner et al., 2008; Raichle and Snyder, 2007;
Raichle et al., 2001]. This pattern of deactivation has led to
these regions being referred to as task-negative regions,
distinguishing them from task-positive regions, in which

ID: selvarajn | Black Lining: [ON] | Time: 17:39 | Path: N:/3b2/HBM#/Vol00000/100211/APPFile/JW-HBM#100211



J_ID: HBM Wiley Ed. Ref. No: 10-0363.R1 Customer A_ID: HBM21179 Date: 9-October-10

Stage: Page: 2

¢ Duncan et al. ¢

positive BOLD responses are seen in response to specific
task types.

Studies have demonstrated that resting-state activity has
an impact upon stimulus-induced responses within both
task-negative regions [Northoff et al., 2007], and task-posi-
tive regions [Arieli et al., 1996; Boly et al., 2007; Fox and
Raichle, 2007; Maandag et al., 2007; Muthukumaraswamy
et al., 2009] in animals and humans. In addition, the exis-
tence of resting-state functional interconnection between
task-positive and task-negative regions is increasingly well
supported [Hampson et al., 2010; Taylor et al., 2008]. These
functional connectivity findings build on the described
anti-correlations between activity in task-positive and task-
negative regions [Cole et al., 2010; Fox et al., 2005]. What
remains unclear, however, is how resting-state dependant
activity in task-negative regions impacts and interacts with
stimulus-induced activity in task-positive regions. Simi-
larly, the biochemical mechanisms underlying such inter-
actions remain to be investigated.

The general aim of this study consisted in the investiga-
tion of the neuronal and biochemical mechanisms
underlying the interaction between the deactivation from
resting-state in a task-negative region and stimulus-induced
activity in a task-positive region. The task-negative region of
interest, the perigenual anterior cingulate cortex (pgACC),
forms part of the DMN and displays a characteristic task-
induced deactivation [Buckner et al., 2008; Grimm et al.,
2009; Northoff et al., 2007]. In contrast, the task-positive
region of interest, the supragenual anterior cingulate cortex
(sgACC), displays positive BOLD responses in response to a
number of task types [e.g., Aron, 2007; Carter and van Veen,
2007; Preston and de Waal, 2002]. These regions were
selected due to their identification as typical task-negative
and task positive regions, respectively, that display close
functional and anatomical connectivity [Ongur and Price,
2000]. A simple empathy task was selected as a probe, with
this task type having been consistently observed to elicit a
negative BOLD response in the pgACC [Grimm et al., 2009]
and a positive BOLD response in the sgACC [Prehn-
Kristensen et al., 2009; Singer and Lamm, 2009].

The contrast between task-induced positive and negative
responses in the regions of interest reflects the well docu-
mented variation in anatomy and connectivity throughout
the anterior cingulate cortex (ACC) [Beckmann et al., 2009;
Gittins and Harrison, 2004; Margulies et al., 2007;
Palomero-Gallagher et al., 2008a; Vogt et al., 1995]. Both
regions studied here do, however, display a similarly rich
glutamatergic innervation [Bozkurt et al., 2005; Palomero-
Gallagher et al., 2008b]. This neurotransmitter system, as
the main excitatory neurotransmitter in the cortex, is thus
likely to play a role in any interaction between the two
regions. As such, glutamatergic function in both pgACC
and sgACC was indirectly measured (as a combined value
for glutamate and its precursor, glutamine) using magnetic
resonance spectroscopy (MRS) to test for the biochemical
mechanisms of possible rest-stimulus interaction between
both regions.

Based on the above described evidence, it was hypothes-
ised that task-induced negative BOLD responses in the
pgACC would interact with task-induced positive BOLD
responses in the sgACC, and that this interaction would
be mediated by glutamatergic communication. To ensure
that the results gained were specific to both the regions
and task-type studied, rather than being examples of
global effects, a control MRS region (the left anterior
insula) and control tasks (a simple reward task and an
emotion evaluation task) were employed.

METHODS
Subjects

Thirteen healthy subjects with no psychiatric, neurologi-
cal or medical illnesses were studied (nine females, four
males; average age 31.6 years, range 22-59 years; 11 right
handed, 2 left handed). After a detailed explanation of the
study design and potential risks, all subjects gave their writ-
ten informed consent. fMRI and MRS sessions were carried
out on subsequent days in a randomized order. Participants
had taken no medication or caffeine prior to either scanning
session. Each of the 13 subjects completed both fMRI and
MRS. The study was approved by the institutional review
board of the University of Magdeburg, Germany.

Experimental Paradigm

The fMRI scanning session was divided into six scanning
runs. In three of these runs (2, 4, and 6) the empathy task
was displayed, alternating with three runs (1, 3, and 5) in
which a reward task was shown. Before entering the scan-
ner each subject completed a number of trial presentations
of the tasks in order to familiarize them fully with them. In
the scanner, images were displayed using the Presentation
software package (Neurobehavioural Systems, Albany,
CA), and were projected onto a screen visible through a
mirror mounted on the headcoil via an LCD projector.

Empathy Task

In the first component of each empathy trial, subjects
were presented for 5 s with pictures from the Matsumoto
and Ekman’s Japanese and Caucasian Facial Expressions
of Emotion [Matsumoto and Ekman, 1988], with a bal-
anced number of Caucasian and Japanese faces being dis-
played. Subjects were instructed to view the pictures and
empathise with the person represented. Faces showed ei-
ther a happy, angry, disgusted, or neutral expression, or-
dered randomly. All instances of these four emotion types,
and both Caucasian and Japanese faces, were grouped in
the analysis as a single emotional viewing condition (em-
pathy). Also displayed were smoothed versions of these
pictures to provide a control condition with no emotional
content (view smoothed) that was matched for color
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composition and intensity, as well as for overall visual
structural properties. Pictures without any emotional con-
tent were used as the comparison condition as, following a
recent hypothesis, the mere perception of emotional faces,
including neutral, should be sufficient for inducing an em-
pathic response [Preston and de Waal, 2002].

Following picture presentation, an evaluation condition
(empathy evaluation) was displayed for 5 s. This consisted
of a German text (“Ich konnte mich in die gezeigte Person
hineinversetzen”) asking to what degree the subject could
empathise with the person in the prior picture, along with
a sliding visual analogue scale. Subjects moved the indica-
tor to the left (not at all) or to the right (completely) to
indicate how well or otherwise they could empathise
using a two-button feedback device.

An intertrial interval of 2 to 3 s occurred after each pic-
ture display and evaluation sequence was presented.
These consisted of a dark cross on a light background,
with participants being instructed to fixate on the cross
during the ITL. In addition, five fixation-cross periods of 6
to 8 s were located randomly in each run. These condi-
tions were included in the design matrix as a separate con-
dition (fixation), and used in the subsequent analysis as an
operationalization of the resting state condition.

Each of the three runs contained 32 instances of emo-
tional faces, 8 instances of smoothed faces, and 5 instances
of the long fixation cross condition, giving a total number
of instances of each of 96, 24, and 15, respectively (one
subject aborted the final empathy task run before its com-
pletion—the data for the two empathy task runs that this
subject did complete were included in the analysis).

A comparison between the results obtained using the
above described paradigm and a meta-analysis of empathy
studies was carried out to ensure the paradigm’s validity.
The meta-analysis was carried out using the MKDA soft-
ware package [Kober et al., 2008], and included coordi-
nates from a total of 42 studies of empathy in healthy
adults (see Supporting Information for further details of
the meta-analysis method.) A close match between the
regions identified in the current study from the contrast
[view empathy > view control] and those identified in the
meta-analysis was observed (Supporting Information Fig.
1), providing some validation for the paradigm.

Reward Task

The reward task was a modified version of the well-
established monetary incentive delay task [Knutson et al.,
2001], requiring that the subject press a button with the
index finger of their right hand within a certain time of a
target image (a black square in the centre of the screen)
being displayed. The reward task was used only as a con-
trol task in this analysis, allowing the specificity of the
particular findings discussed here for empathy to be
tested. Full details of the reward task can be found in the
Supporting Information.

fMRI Data Acquisition and Analysis

The fMRI component of the study was carried out on a
1.5T MR scanner (General Electric Sigma Horizon) using
the standard circular polarized headcoil. Using a midsagit-
tal scout image, a stack of 23 slices was aligned parallel to
the bicomissural plane. During each functional run 320
whole brain volumes were acquired (gradient echo EPI, TR
= 2s; TE = 35 ms; flip angle = 80°; FoV = 200 x 200 mm;
slice thickness = 5 mm, interslice gap = 1 mm, spatial reso-
lution = 3.125 x 3.125 x 5 mm). Image processing and sta-
tistical analyses were carried out according to the general
linear model approach [Friston et al., 1995] using the SPM8
software package (Wellcome Department of Imaging Neu-
roscience, London, UK) running on MATLAB 2009b (The
Mathwork Inc., Natick, MA). The first five volumes were
discarded due to saturation effects. All functional images
were slice-time corrected with reference to the first slice
acquired, corrected for motion artefacts by realignment to
the first volume (with the movement parameters obtained
in this stage being included in each first-level analysis as
separate regressors), and spatially normalized to a standard
T1-weighted SPM template [Ashburner and Friston, 1999].
The images were resampled to 2 x 2 x 2 mm and smoothed
with an isotropic 8 mm full-width half maximum Gaussian
kernel. The time-series fMRI data were filtered using a high
pass filter and cut-off of 128 s. A statistical model for each
subject was computed by applying a canonical hemody-
namic response function. Regionally specific condition
effects were tested by employing linear contrasts for each
subject and each condition of interest. The resulting contrast
images were submitted to a second-level random-effects
analysis by applying a one-sample t-test to the images
acquired for all subjects in each condition. Resulting clus-
ters of activation were only considered if they had a P value
< 0.05 following correction for multiple comparison errors
(FWE-correction).

Connectivity Analysis

Effective connectivity between the pgACC and sgACC
during the empathy task was tested using psychophysio-
logical interaction (PPI) analysis [Friston et al., 1997]. Such
analysis allows the identification of those regions that dis-
play an increased effective coupling with a specific seed
region in response to a particular psychological factor. In
this case, the NBR signal change from resting state within
the pgACC in response to the viewing of emotional pic-
tures was taken as the physiological variable of interest.
By performing multiple correlation and regression analy-
ses, a PPI analysis then searches for those signal changes
in other regions that show a greater correlation with those
in the seed region during the condition of interest, as com-
pared with the contrasting psychological variable. This
allows, in the case of this study, for the connectivity of a
region which displays a negative BOLD response (NBR)
during a task with those areas that display a positive
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BOLD response (PBR) to be determined. As the level of
resting state activation has been shown to influence the
NBR produced by stimuli [Northoff et al., 2010], this
approach also allows an indirect characterization of the
interaction between the resting state in the pgACC and
stimulus-induced signal changes in other regions.

Seed volumes of interest (VOI) corresponding to the
pPgACC MRS voxel were used to extract the eingenvariate
for each subject—the physiological variable—within this
region from the relevant source contrasts ([fixation > em-
pathy]; [fixation > evaluate empathy]; [fixation > reward])
using the SPM8 “eingenvariate” function. Having defined
and extracted data from these regions, three separate PPI
analyses were carried out for each subject. The first of
these investigated the change in functional coupling with
the pgACC seed region (using the signal changes from
[fixation > view empathy]) between the viewing of emo-
tional pictures and the viewing of the control smoothed
pictures. Statistical maps from the individual PPI analyses
were combined into a group analysis through a one sam-
ple t-test in SPM. This process thus identified those
regions that display an effective connectivity with the
pgACC during empathy. Finally, the same procedure was
followed using the sgACC MRS voxel as the seed region.

In order to determine the specificity of any connectivity,
two further PPI analyses were then carried out. The speci-
ficity of the connectivity between the pgACC and sgACC
for empathy, as opposed to the evaluation of empathy,
was tested by carrying out a PPI using the pgACC signal
change from the [fixation > evaluate empathy] contrast as
physiological variable and the evaluation of emotional pic-
tures and evaluation of smoothed pictures as psychological
variables. Finally, to determine the specificity of the con-
nectivity for empathy, as opposed to other psychological
functions, a PPI using the signal changes in the pgACC
from the contrast [fixation > reward] as the physiological
variable and the anticipation of reward and the anticipa-
tion of no outcome as psychological variables.

MRS Data Acquisition and Analysis

Single voxel 'H MR spectra were acquired during the
resting state using a 3T whole body MRI system (Siemens
Magnetom Trio) using an eight channel head coil (PRESS,
TR = 2 s; TE = 80 ms). Voxels were prescribed on a high
resolution T1-weighted 3D data set (MPRAGE, TR = 2 s;
TI = 1.1 s5; TE = 4.8 ms; flip angle = 7°; FoV = 256 x 256
x 192 mm; spatial resolution =1 x 1 x 1 mm). One voxel
of 20 x 10 x 20 mm (see Supporting Information Fig. 2 for
positioning of all MRS voxels) was placed in the bilateral
pgACC, while a second was placed in the bilateral sgACC
(20 x 10 x 20 mm). A third voxel was placed in the left
anterior insula (15 x 10 x 20 mm) in order to provide a
control region to establish if any potential relationship
between ACC activity and global Glx levels existed. Voxels
were located in relation to relevant anatomical landmarks,

as identified by the researcher on a high resolution T1 ana-
tomical image. The locations of the MRS voxels can be
seen in Supporting Information Figure 2.

Spectra were eddy current corrected and analyzed using
LC Model version 6.1.0 (available at: www.s-provencher.-
com/pages/lcmodel.shtml). Included in the model build
were creatine, N-acetyle aspartate, choline, glutamate plus
glutamine, and (myo-)inositol. Spectra with full-width-half-
maximum line widths larger than 8 Hz and quantification
results with a Cramér-Rao lower bound higher than 20%
were excluded from further analysis. The measurements for
one subject in each of the pgACC, sgACC and left insula
were discarded for these reasons (n = 12). Metabolite con-
centrations are given as their ratio to the measured creatine
concentration. As a slight interdependence, due to a spec-
tral overlap in their resonances, exists between quantifica-
tion results for glutamate and glutamine these were
quantified together. This combined concentration ratio of
glutamate/glutamine to creatine is referred to henceforth as
Glx. Correlation analyses between subject age and Glx lev-
els in each region were carried out (Spearman’s rho, two
tailed)—no relationship between age and GIx concentration
was found in any of the MRS regions.

MRS measurements were carried out during the resting
state for both methodological and conceptual reasons. The
acquisition of MRS data with a suitably high resolution
requires a long acquisition time—approximately 12 min in
this case. Such protracted timescales, with large numbers
of encoding steps, make a functional MRS approach [Man-
gia et al.,, 2007] technically extremely difficult in the con-
text of the task type used, if not impossible. Most
importantly, our hypothesis was aimed at the impact of
resting state related signal changes in the pgACC on stim-
ulus-induced signal changes in other regions. By searching
for correlations of resting state levels of glutamate in the
pgACC with stimulus-induced signal changes in the insula
we were able to experimentally investigate this hypothesis.

It should be noted that the MRS technique does not
allow one to distinguish between intra- and extracellular
metabolite pools. Nor does it allow the differentiation of
neuronal and non-neuronal metabolite concentrations. As
such, it is not possible to directly assess the level of trans-
mitter within the synaptic cleft during stimulation using
MRS. However, in line with previous studies [Northoff
et al., 2007], our correlation results suggest that the level
of Glx present at rest positively predicts the level of Glx
that will be secreted upon stimulation, thus allowing an
indirect discrimination between intra- and extracellular
pools of GIx during stimulation.

Combination of fMRI and MRS Data

Individuals” measures of Glx concentration in the
pgACC were included in a second-level SPM-based regres-
sion analysis with the statistical maps of each subject for
each of the contrasts of interest. These regression analyses
thus identified those brain regions in which the signal
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Figure I.

Areas of deactivation from rest in response to the empathy task
are shown (contrast [fixation > empathy]), along with activa-
tions in response to the empathy task (contrast [empathy >
smoothed]). Mean percent signal changes are shown for the
viewing of emotional pictures, the viewing of smoothed pictures,
and the fixation period in the pgACC (red box) and sgACC

changes during the particular condition of interest are
related to the level of Glx in the pgACC MRS region. Only
those clusters significant after correcting for multiple com-
parison errors (FWE-correction) were considered.

RESULTS

Results for each stage of the analysis are given below.
Peak voxel coordinates in MNI-space are given in paren-
thesis (x, y, z), along with the related cluster’s P value.
Unless otherwise stated, all P values given are FWE-cor-
rected for multiple comparison errors.

(green box) MRS voxels. Mean percentage signal changes were
calculated using the Marsbar toolbox (available at: http://mars-
bar.sourceforge.net/). Error bars represent SEM. Images are
shown with a threshold of P = 0.005 (unc.) for the purpose of
illustration. See also Supporting Information Table la and Ib.

Positive Signal Changes

The empathy task evoked positive signal changes (i.e., a
task-induced activation) in the sgACC (—8 18 42, Prwr <
0.001). This cluster of activation includes the region
defined as the sgACC MRS voxel (Fig. 1 and Supporting
Information Table Ia). This region overlaps with the
sgACC region of activity observed in the task-validation
meta-analysis (Supporting Information Fig. 1). No activa-
tion in the sgACC was observed during the empathy eval-
uation task or during the reward task, demonstrating that
the activation in this region is task-specific.
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Activation in the left anterior insula was observed (—34 16
—2, Prwe = 0.005), in line with previous studies of empathy
[Singer et al., 2009]. No significant activation was seen in the
right anterior insula. The empathy task was also seen to
induce activity in, amongst other regions, the bilateral amyg-
dala, extending to the ventral striatum (—18 —18 —20, Ppwg
= 0.014; 22 —6 —16, Prwg = 0.001), again consistent with pre-
vious studies of empathy [Ruby and Decety, 2004] (see Sup-
porting Information Table Ia for full activation details).

Negative Signal Changes

As described above, the pgACC has been consistently
observed to display a stimulus-induced negative BOLD
response, and so the presence of empathy-task induced
deactivation in this region was investigated. The contrast
[fixation > empathy] does reveal such deactivation from
rest in the pgACC as a whole, with the peak voxel of this
cluster (—6 40 8, Prwg < 0.001) lying within the specific
portion of this region defined as the pgACC MRS voxel
(see Fig. 1 and Supporting Information Table Ib). A similar
region of deactivation was observed in the pgACC in
response to the empathy evaluation task, as well as the
reward task. This demonstrates that the deactivation in
this region is task nonspecific.

Other regions of what has been described as the default
mode network [Raichle et al., 2001], which includes that
pgACC, were also seen to display a task-induced deactiva-
tion during the empathy task, specifically a cluster con-
taining the posterior cingulate cortex (PCC) and precuneus
(=10 —62 12, Ppwg < 0.001) (Fig. 1 and Supporting Infor-
mation Table Ib).

Interregional Connectivity

Effective connectivity between the pgACC and sgACC
was tested using psychophysiological interaction (PPI) anal-
yses. Taking the pgACC MRS voxel as the seed region,
effective connectivity from this region with the sgACC was
observed (0 22 32, Prwg = 0.004; Supporting Information
Table Ila). The reciprocal effective connectivity, investigated
using the sgACC MRS voxel as seed region, between the
sgACC and pgACC was not observed (Supporting Informa-
tion Table IIb). Hence, only when taking the pgACC as seed
was a relationship with the signal changes in the sgACC
observed, with this not being the case in the reverse direc-
tion: this indicates the unidirectional connectivity from the
pgACC to the sgACC during empathy.

The pgACC also displayed effective connectivity with,
amongst other regions, the right hippocampus, extending
to the amygdala (22 —30 —6, P < 0.001), the bilateral poste-
rior cingulate cortex (=12 —42 32, Ppwg < 0.001), the left
thalamus (—12 —14 2, Pgpwg = 0.001), and the right thalamus
extending to the ventral striatum (10 —8 6, Prwg < 0.001)
(see Supporting Information Table Ila for full details).

Effective connectivity between the sgACC and, amongst
other regions, the bilateral posterior cingulate cortex (—6 0

22, Ppwe < 0.001) was observed (see Supporting Informa-
tion Table IIb for full details). This cluster runs posterior
from the sgACC, via the midcingulate, following approxi-
mately the line of the corpus callosum.

The specificity of the effective connectivity between the
pgACC and sgACC for empathy was tested by carrying
out two additional PPI analyses using the pgACC MRS
voxel as seed region. Neither the PPI analysis using emo-
tional evaluation as the psychological factor, nor that using
reward, showed any effective connectivity between the
pgACC and the sgACC.

Resting State GIx and Regional Signal Changes

SPM-based regression analyses of the BOLD response to
the empathy task and the GIx concentration in both the
pgACC and sgACC were carried out. These analyses iden-
tified in which regions of the brain the neural response to
the task is related to the level of Glx in the particular MRS
voxel.

A relationship between the concentration of Glx in the
pgACC and the empathy-task induced BOLD response
was observed in the sgACC (—12 12 36, Prwe < 0.001),
with this cluster overlapping with the sgACC MRS voxel
(Fig. 2). In addition, there was a relationship between the
concentration of GIx in the pgACC and the neural
response in the left precuneus (—26 —66 48, Prwg = 0.001),
as well as with the response in the bilateral amygdala
(—26 —2 —10, Prwe < 0.001; 30 6 —14, Prwr < 0.001) (see
Supporting Information Table Illa for full details).

No relationship was observed between the concentration
of Glx in the sgACC and task-induced BOLD responses in
the rest of the brain when results were corrected for multi-
ple comparison errors. An uncorrected correlation between
the sgACC GIx level and the BOLD response in the right
superior frontal gyrus (24 44 26, P = 0.006 unc.), right fusi-
form gyrus (44 —60 —16, P = 0.01 unc.) and left mid-insula
(—40 8 —8, P = 0.032 unc.) was observed, however (Sup-
porting Information Table IIIb).

To test the specificity of the relationship between the
concentration of Glx in the pgACC and neural responses
in the sgACC during empathy, regression analyses of
pgACC GIx with the BOLD response during both the em-
pathy evaluation task and the reward task were carried
out. Neither regression showed any relationship between
pgACC Glx and the neural response in the sgACC during
the respective conditions. In addition, regression analyses
of the neural response during the empathy, empathy eval-
uation and reward tasks with the concentration of Glx in
the left anterior insula were carried out. No areas within
the cingulate cortex were identified by these analyses.

DISCUSSION

The involvement of glutamate in the interaction between
resting state related activity in a task-negative region and
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Figure 2.

Unidirectional connectivity between negative signal changes in
the pgACC MRS region (red box) and positive signal changes in
the sgACC MRS region (green box) during the empathy task
was demonstrated using PPl analyses. A relationship between
the BOLD response during the same task in the sgACC and the
level of glutamate in the pgACC was demonstrated using regres-
sion analyses. A plot of the regression between the mean
sgACC BOLD response and pgACC glutamate at the peak
regression voxel within the sgACC is shown. A combined plot
of the PPI regression results for each individual subject obtained

from their first level PPl analysis at the peak voxel within the
sgACC (from the group level analysis) is also shown. Regression
plots were produced by obtaining the fitted response at the
peak voxel via the “fitted response” option of the “plot” function
in SPM, and plotting these against the relevant explanatory vari-
able in MATLAB (The Mathwork Inc., Natick, MA). Activation
images are shown with a threshold P = 0.005 (unc.) for the pur-

pose of illustration. See also Supporting Information Tables lla,
lIb and III.
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stimulus-induced activity in a task-positive region is
reported here. This provides insight into the neuronal and
biochemical mechanisms by means of which the resting
state activity of the brain potentially impacts upon subse-
quent stimulus-induced activity.

The first main finding of the study concerns the relation-
ship between signal changes in task-negative and task-pos-
itive regions. Positive BOLD responses (activations) in the
task-positive sgACC were reported, along with a negative
BOLD response (deactivation) when compared with rest in
the task-negative pgACC. These negative BOLD responses
in the pgACC were seen to display an effective connectiv-
ity with the positive BOLD responses in the sgACC. The
effective connectivity between the pgACC and sgACC was
shown to be unidirectional and specific to the empathy
task, as compared with control empathy-evaluation and
reward tasks.

The second main finding of the study concerns apparent
glutamatergic modulation of rest-stimulus interaction
between the two target regions. Glutamate concentrations
in the two regions of interest within the ACC, along with
a control region in the left anterior insula, were measured
using MRS (as a combined measure of glutamate and glu-
tamine). It was found that signal changes during the em-
pathy task in the sgACC were related to the level of
glutamate in the pgACC. No reciprocal relationship
between the signal changes in the pgACC and the level of
glutamate in the sgACC was found. Similarly, no relation-
ship was found between signal changes in either the
pgACC or sgACC and the level of glutamate in the left an-
terior insula, suggesting that the relationship observed
with the pgACC was not due to a global effect of gluta-
mate concentrations in the brain.

The observed interaction between the pgACC and
sgACC during empathy can be interpreted as an instance
of task-induced deactivation in one region interacting with
a separate area of task-induced activation. In agreement
with previous findings [e.g., Grimm et al., 2009; Northoff
et al.,, 2007; Raichle et al., 2001; Simpson et al., 2001], the
task-induced deactivation in the pgACC was seen not to
be task-specific, with a similar extent of NBR seen in
response to empathy, empathy evaluation, and reward. In
contrast, the task-induced activation in the sgACC was
demonstrated to be specific to empathy, with no activation
in this region in response to the two control tasks.

A relationship between task-negative and task-positive
regions has been described in the resting state [Fox et al.,
2005; Hampson et al., 2010], whilst resting connectivity
within the task-negative DMN has been shown to affect
task induced BOLD responses in task-positive regions
[Mennes et al., 2010]. The current study thus extends these
findings by demonstrating that negative BOLD responses
in the DMN are connected to task-specific BOLD
responses in other brain regions. More specifically, a rela-
tionship between the positive and negative signal changes
in the two regions of interest was demonstrated through
the observed effective connectivity. This suggests that

task-induced activation in the sgACC is related to the
degree of task-induced deactivation in the pgACC. The
uni-directionality of the relationship further supports the
hypothesis that the level of resting state activity in the
pgACC impacts upon, and potentially modulates, stimu-
lus-induced activity in the sgACC. Such a situation would
lend support to the concept of rest-stimulus interaction,
where resting state and stimulus-induced activity are func-
tionally interrelated [Northoff et al., 2010].

Both subregions of the ACC studied have rich glutama-
tergic innervation [Bozkurt et al., 2005; Palomero-Gallagher
et al., 2008b], and so this neurotransmitter system, the
main excitatory neurotransmitter system and important in
corticocortical communication, was deemed likely to play
a role in communication between the two regions. This
was confirmed in this study through the combination of
effective connectivity analyses and the measuring of gluta-
mate using MRS. That the relationship between glutamate
concentration and interregional signal changes was found
only in the case of pgACC glutamate levels further sup-
ports the unidirectional nature of the communication
between the pgACC and sgACC described here.

Previous studies have demonstrated the involvement of
GABA in task-induced deactivation in both task-positive
and task-negative regions [Muthukumaraswamy et al.,
2009; Northoff et al., 2007]. These findings, however, leave
open the question as to how interactions between task-
negative and task-positive regions are mediated. The
implication of glutamate in the interaction between the
task-negative pgACC and task-positive sgACC in the cur-
rent study thus provides initial evidence for a role for this
neurotransmitter system in rest-stimulus interaction.

One may also speculate as to the relationship between
glutamate, an excitatory neurotransmitter, and deactiva-
tion from rest in the pgACC. The high level of resting state
in this region, and by extension other task-negative
regions, may be an outcome of high ongoing glutamatergic
activity in these regions. A reduction in this glutamatergic
activity, or a counteraction of it by an inhibitory neuro-
transmitter such as GABA, may then lead to the observed
task-induced deactivations. The level of tonic glutamater-
gic activity would thus determine the level of resting state
activity, and from this, would indirectly determine the
potential for deactivation during a given task. This hy-
pothesis remains speculative at present and requires fur-
ther investigation.

In addition to their significance to our understanding of
the interaction between task-negative and task-positive
regions, this study’s findings may be of some interest in
the context of empathy. Both of the main findings of the
study were specific to the empathy task employed, as dis-
tinct from the control empathy evaluation and reward
tasks. This is in accordance with the reported central role
of the sgACC in empathy [Prehn-Kristensen et al., 2009;
Singer and Lamm, 2009]. The current findings extend these
previous observations by showing that task-induced activ-
ity in the sgACC during empathy interacts with task-
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induced deactivation in the pgACC, providing evidence
that such deactivation in the pgACC may play a similarly
important role in empathy processing. Finally, it was dem-
onstrated that the interaction between the pgACC and
sgACC during empathy was related to resting-state gluta-
mate levels in the pgACC. This lends further support to
the observed glutamatergic modulation of emotional and
neural function related to the pgACC and sgACC by glu-
tamatergic substances such as ketamine [Etkin et al., 2010;
Salvadore et al., 2009, 2010]. These observations in the con-
text of empathy must, of course, be treated as speculative
and need to be investigated further.

The observation of glutamatergic modulation of emo-
tional processing as in empathy may also be relevant in
psychiatric disorders. Changes in resting state activity and
connectivity have been linked to a number of psychiatric
disorders, including schizophrenia and major depressive
disorder [Broyd et al., 2009; Buckner et al., 2008; Garrity
et al., 2007; Greicius et al., 2007]. Particularly in depres-
sion, abnormally elevated resting state activity and gluta-
matergic abnormalities have been observed in the pgACC
[Alcaro et al.,, 2010; Buckner et al.,, 2008; Walter et al.,
2009]. This study’s findings thus raises questions as to
how this abnormally elevated resting state activity in the
pgACC relates to glutamatergic function, as well as to the
modulation of stimulus-induced activity in the sgACC, a
region that has been observed to show decreased activity
during emotional and cognitive tasks in depression
[Anand et al., 2005; Hooley et al., 2009]. Hence, it may be
of interest in the future to investigate depressed patients
using a similar design to that reported here.

Some limitations of the present study should be consid-
ered. Resting state activity in the pgACC is inferred indi-
rectly via the occurrence of a negative BOLD response
elicited by stimuli, while glutamate levels were measured
directly in the resting state. Though previous studies pur-
sued a similar approach [Northoff et al., 2007], future
studies may wish to take a more direct approach to meas-
uring resting state activity itself, relating this then to gluta-
mate levels. Measurements of changes in human
glutamate concentration during stimulus-induced activity
are also needed to further confirm the assumption that the
direct and indirect measurements can safely be compared.
In a similar vein, it should be noted that glutamate was
measured here as a single value along with its precursor
glutamine, as represented by the designation Glx. Replica-
tion using a more sensitive MRS analysis that allows for a
distinction between glutamate and glutamine would be
desirable. It should also be mentioned that the focus of the
analysis was on glutamate, and as such the role of GABA
was not investigated. The role of GABA in the context of
rest-stimulus interactions thus needs to be investigated in
further detail in the future. The fixation cross period taken
as a representative resting state condition in the study was
rather short, and so can only be taken to be an approxima-
tion of a true resting state; future studies may thus wish to
replicate these findings with longer resting state periods.

Finally, the current sample size is not large, and so results
should be treated as preliminary. Replication with a larger
sample size is required.

In summary, the present study demonstrates an interac-
tion between resting state dependant responses in the
task-negative pgACC and task-induced activations in the
task-positive sgACC. Connectivity between the regions
was further shown to be related to glutamate concentra-
tions in the pgACC specifically. These results provide pre-
liminary evidence that glutamate plays a central role in
rest-stimulus interaction in the human brain.
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