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Abstract: Awareness is an essential feature of the human mind that can be directed internally, that is,
toward our self, or externally, that is, toward the environment. The combination of internal and exter-
nal information is crucial to constitute our sense of self. Although the underlying neuronal networks,
the so-called intrinsic and extrinsic systems, have been well-defined, the associated biochemical mecha-
nisms still remain unclear. We used a well-established functional magnetic resonance imaging (fMRI)
paradigm for internal (heartbeat counting) and external (tone counting) awareness and combined this
technique with [18F]FMZ-PET imaging in the same healthy subjects. Focusing on cortical midline
regions, the results showed that both stimuli types induce negative BOLD responses in the mPFC and
the precuneus. Carefully controlling for structured noise in fMRI data, these results were also con-
firmed in an independent data sample using the same paradigm. Moreover, the degree of the GABAA

receptor binding potential within these regions was correlated with the neuronal activity changes asso-
ciated with external, rather than internal awareness when compared to fixation. These data support
evidence that the inhibitory neurotransmitter GABA is an influencing factor in the differential process-
ing of internally and externally guided awareness. This in turn has implications for our understanding
of the biochemical mechanisms underlying awareness in general and its potential impact on psychiat-
ric disorders. Hum Brain Mapp 35:173–184, 2014. VC 2012 Wiley Periodicals, Inc.
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INTRODUCTION

Awareness is a central, if not defining, feature of the
human mind. Through this faculty we can become explic-
itly aware of both our environment and ourselves, includ-
ing our body, this having been described in neuroscience
as external and internal awareness (IA) [James, 1890; Van-
haudenhuyse et al., 2011]. Whilst external awareness (EA)
describes the perception of the environment, IA refers to
the perception of self-related mental processes and aware-
ness related to one’s own body, including vegetative meas-
ures like one’s own heartbeat.

Recent brain imaging studies using positron-emission-to-
mography (PET) or functional magnetic resonance imaging
(fMRI) have associated IA and EA with different neuronal
networks [Boly et al., 2008, 2009; Fox and Raichle, 2007;
Fransson, 2005, 2006; Golland et al., 2007, 2008; Raichle
and Snyder, 2007; Vanhaudenhuyse et al., 2011]. EA has
been linked to regions in mainly the lateral frontal and pa-
rietal cortex, the ‘‘extrinsic system,’’ as they are recruited
during external and goal-oriented behavior [Boly et al.,
2007; Fransson, 2005; Golland et al., 2007]. In contrast, IA,
as for instance during mind-wandering or self-oriented
thoughts, recruits a network located along the anterior and
posterior cortical midline structures (CMS). This ‘‘intrinsic
system’’ includes the anterior and posterior cingulate cor-
tex, the ventro- and dorsomedial prefrontal cortex and the
retrosplenial cortex [Goldberg et al., 2006; Lou et al., 2004;
Northoff et al., 2010, 2011].

The anterior and posterior CMS are also involved in the
default-mode network, a collection of regions that show
high metabolic and neuronal activity during the absence
of an active task [Buckner et al., 2008; Fox et al., 2005;
Raichle, 2010; Raichle and Snyder, 2007; Raichle et al.,

2001; Shulman et al., 2009; Vincent et al., 2007]. This net-
work is characterized by task-induced deactivations (i.e., a
decrease of neuronal activity), and accordingly negative
BOLD responses (NBRs) in response to external stimuli—
that is, awareness of stimuli originating from outside the
body [Fransson, 2005; Gusnard and Raichle, 2001;
McKiernan et al., 2003; Raichle and Gusnard, 2005]. In
addition to stimuli originating from the external environ-
ment, the neuronal activity in these midline regions also
encounters internal stimuli originating continuously from
one’s own body, with recent studies suggesting that the
awareness of such internal stimuli also induces NBRs in
CMS like the mPFC and the precuneus [Schilbach et al.,
2012; Wiebking et al., 2011]. With both IA and EA being
seen to induce NBRs within midline regions, the question
arises as to whether there is a differentiation between
these stimulus domains in these regions at the functional
level.

Gamma-aminobutyric acid (GABA), the primary inhibi-
tory neurotransmitter in the brain, is a likely candidate to
mediate task-induced activity along CMS in the brain. This
hypothesis is supported by recent work [Alcaro et al.,
2010; Northoff et al., 2007]; however, it concerns only com-
parisons between GABA and NBRs induced by goal-ori-
ented external stimuli, meaning that details of the role of
GABA in processing internal stimuli are lacking. This
leaves open the possibility that, should there be a distinc-
tion between IA and EA within the CMS as assumed, such
a distinction can be related to some degree to differential
GABAergic function.

A growing body of literature shows that psychiatric dis-
orders are accompanied by a common pathophysiological
pattern of GABAergic deficits [Bajbouj et al., 2006; Kalueff
and Nutt, 2007; Luscher et al., 2011; Mohler, 2011; Petty,
1995; Sanacora, 2010; Smith and Rudolph, 2011]. Depres-
sion, for example, is characterized by GABAergic deficits,
especially in anterior CMS [Bielau et al., 2007; Levinson
et al., 2010; Walter et al., 2009] and altered states of aware-
ness (decreased environment-focus and increased self-
focus [Grimm et al., 2011; Paulus and Stein, 2010; Stewart
et al., 2001; Wiersma et al., 2011], which lend support to
the hypothesis that GABAergic function might be consid-
ered as an influencing factor in the distinction between
internally and externally guided awareness within the
regions of interest.

The aim of this study is to investigate, firstly, the neuronal
response to IA and EA in anterior and posterior CMS, and
secondly their relationship to the binding potential of
GABAA receptors in these regions. We performed an fMRI
study in healthy subjects to define CMS showing NBRs in
response to internal (counting one’s own heartbeat) and
external (counting tones) stimuli. Since paradigms dealing
with IA are specifically sensitive to artifacts resulting from
blood flow, we carefully controlled the fMRI for structured
noise to improve the sensitivity and specificity of the results.

Next, we performed high-resolution [18F]-labeled fluma-
zenil (FMZ) PET imaging in the same subjects to

Abbreviations

BOLD blood oxygen level dependent
BPND nondisplaceable binding potential (ratio at

equilibrium of specifically bound radioligand
to nondisplaceable radioligand)

BPND-Pons ratio at equilibrium of specifically bound
radioligand to nondisplaceable radioligand
using the pons as reference tissue

BPND-WM ratio at equilibrium of specifically bound
radioligand to nondisplaceable radioligand
using the white matter as reference tissue

CMS cortical midline structures
EA external awareness
fMRI functional magnetic resonance imaging
FMZ flumazenil
GABA gamma-aminobutyric acid
IA internal awareness
NBR negative BOLD response
PET positron-emission-tomography
PSC percent signal change
ROIfunc/ROIana region of interest defined by functional MRI

contrast or anatomical structure
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investigate the binding potential of GABAA receptors.
fMRI results were confirmed in an independent data sam-
ple using the same paradigm. The combined results of
PET and fMRI suggest that neuronal inhibition related to
GABAergic function (as reflected indirectly through
GABAA receptor binding potential) is more closely associ-
ated with processes of EA, rather than IA.

MATERIALS AND METHODS

Subjects

Twenty-eight healthy subjects (10 female, 18 male, mean
age 22.37 years � 3.77 SD, ranging from 18 to 34 years)
underwent fMRI and 24 subjects (9 female, 15 male, mean
age 22.6 years � 3.79 SD, ranging from 18 to 34 years) out
of this group also underwent PET scanning. All subjects
had a Beck Depression Inventory [Beck et al., 1961] score
of � 4 and were questioned about psychiatric, neurologi-
cal, or medical diseases using a custom-made semistruc-
tured clinical questionnaire. Participants were recruited
mainly from McGill University in Montreal and the local
community. The study was approved by the local ethics
committee. All participants gave their written informed
consent before participating in this study and were finan-
cially compensated for their participation.

Four subjects were excluded due to structural abnormal-
ities in their anatomical scans or due to motion artifacts
(>2 mm), leaving 24 subjects with fMRI scans (9 female,
15 male, mean age 22.71 years � 3.95 SD, ranging from 18
to 34 years) and 20 subjects with PET scans (8 female, 12
male, mean age 23.05 years � 4.14 SD, ranging from 18 to
34 years).

Functional MRI data from an independent data sample
of 30 healthy subjects (15 female, 15 male, mean age 33.73
years � 11.62 SD, ranging from 22 to 60 years) were also
analyzed.

Paradigm

The fMRI design (Supporting Information Fig. 2) was
based on a paradigm introduced by Critchley and Pollatos
[Critchley et al., 2004; Pollatos et al., 2007]. Subjects were
presented with three separate conditions: an internal task,
an external task, and fixation periods, in a pseudo-
randomized order (each jittered between 6 and 10 s).

During the internal task, subjects were asked to silently
count their own heartbeat. Similarly, an external stimulus
in the form of a tone had to be counted during the exter-
nal task. In both cases, the subjects reported the number of
counted heartbeats or tones after each trial by using a vis-
ual analog scale (3.5 s). To make the difficulty of both
tasks closely comparable, tones were presented at an indi-
vidually determined volume (i.e., just noticeable, like the
heartbeat). The general presentation frequency of the tones
was adapted to correspond to each subject’s pulse-rate. To

control for habituation effects, the onset time of the tones
was jittered by 200 ms from this general frequency.

During rest conditions—indicated by a dark fixation
cross on a light background—subjects were instructed to
relax and reduce any cognitive work during these periods.
The fMRI paradigm for the independent data sample
included the same conditions for fixation, IA, and EA. For
a detailed description of the paradigm, please see [Wiebk-
ing et al., 2011].

fMRI Data Acquisition and Analysis

Functional scans were acquired on a 3-Tesla whole body
MRI system (Siemens Trio, Erlangen, Germany), using a
32-channel headcoil. The settings were as follows: 47 T2*-
weighted echo planar images per volume with BOLD con-
trast; alignment at 30� off the AC-PC plane in an odd–
even interleaved acquisition order; FoV: 205 � 205 mm2;
spatial resolution: 3.2 � 3.2 � 3.2 mm3; TE ¼ 25 ms; TR ¼
2,270 ms; flip angle ¼ 90�. Functional data were recorded
in one scanning session containing 580 volumes for each
subject. A high resolution T1-weighted 3D structural
image was also acquired.

The fMRI data of 24 subjects were preprocessed and
statistically analyzed by the general linear model approach
using the SPM8 software package (http://www.fil.ion.
ucl.ac.uk) and MATLAB 7.11 (The Mathworks, Natick,
MA). All functional images were slice-time corrected with
reference to the first acquired slice, corrected for motion
artifacts by realignment to the mean functional image, and
spatially normalized to a standard T1-weighted SPM tem-
plate [Ashburner and Friston, 1999]. The normalization
was generated by warping the coregistered anatomical
image to the MNI T1-template, and applying these param-
eters to all functional images. The images were resampled
to 2 � 2 � 2 mm3 and smoothed with an isotropic 6 mm
full-width half-maximum (FWHM) Gaussian kernel. The
time-series fMRI data were filtered using a high pass filter
(threshold 128 s). A statistical model for each subject was
computed by applying a canonical response function
[Friston et al., 1998].

Since structured noise still remains in the fMRI data af-
ter traditional steps of preprocessing, an independent com-
ponent analysis (ICA) was applied to denoise the data and
hence improve the sensitivity and specificity of the results.
Using Probabilistic Independent Component Analysis,
which is implemented in the MELODIC toolbox [Beck-
mann and Smith, 2004] of FSL (FMRIB’s Software Library,
http://www.fmrib.ox.ac.uk/fsl/) [Smith et al., 2004; Wool-
rich et al., 2009], a group ICA was performed on the pre-
processed fMRI data, which were temporally concatenated
across subjects. Two independent raters (CW, NWD) visu-
ally inspected the resulting components and classified
them as noise or signals of interest according to a detailed
description of an operationalized denoising procedure
[Kelly et al., 2010]. In particular, components were
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considered as noise when they showed a ring-like pattern
in the periphery of the brain and tightly clustered areas in
the frontal regions [McKeown et al., 1998], clusters with a
location in the white matter/CSF or an association with
blood vessels [Sui et al., 2009; Zou et al., 2009], spotted
patterns diffusely spread over the brain, and time courses
showing a saw-tooth pattern or spikes [McKeown et al.,
1998]. Thirteen components were independently identified
as noise and discarded from the original fMRI data
through linear regression.

After removing nonbrain voxels using brain extraction
tool (BET [Smith, 2002]), all three conditions (Fixation, IA,
and EA) were then included in the SPM model as separate
events including their feedback phases. Regionally specific
condition effects were tested by employing linear contrasts
for each subject and different conditions. The resulting
contrast images were submitted to a second level random-
effects analysis. Here, one-sample t-tests were used on
images obtained for each subject’s volume set and differ-
ent conditions. To control for the multiple testing problem,
a familywise error rate correction was performed. The ana-
tomical localization of significant neural responses in the
main contrast (Fixation > IA/EA; P � 0.05, FWE-cor-
rected, k � 10) was assessed with reference to the standard
stereotactic atlas by superimposition of the SPM maps on
a standard brain template provided by SPM8.

Based on the functional results, three clusters of deactiva-
tion were found along the cortical midline and defined as
regions of interest (ROIfunc). To confirm findings in ROIfunc,
additional anatomical regions (ROIana) were identified due
to their proximity to ROIfunc. Using the WFU-pickatlas
(AAL atlas of the Wake-Forrest University, NC), four
medial regions were defined: the frontal middle orbital cor-
tex, the frontal superior middle cortex, the anterior cingu-
late, and the precuneus. For each region, the left and right
hemispheres were calculated separately. Percent signal
changes (PSC) from these CMS were extracted using the
MarsBaR toolbox (http://www.sourceforge.net/projects/
marsbar). All data were controlled for possible outliers.
Whole brain regressions using BPND of an anatomical
region were inclusively masked by ROIana on the whole (P
� 0.005, uncorrected, k � 20). Analysis for ROIfunc is set to
(P � 0.001, uncorrected, k � 20). Regional specificity was
tested by applying ROIfunc and correspondent ROIana that
were not located along the midline regions.

Confirming fMRI results, since the physiological basis of
deactivation is still a controversial issue in the current litera-
ture [Lauritzen et al., 2012], by using an independent set of
data, in line with proposed good practice [Kriegeskorte
et al., 2009; Poldrack and Mumford, 2009; Vul et al., 2009],
these three ROIfunc were also applied to another sample
(acquired at the Department of Neurology, Otto-von-Gue-
ricke University Magdeburg, Germany). Subjects in both
studies performed the same tasks (IA, EA, Fix), and have
been instructed by the same researcher (CW). Functional
measurements of this independent data set were performed
on an identical 3-Tesla whole body MRI system (Siemens

Trio, Erlangen, Germany). The headcoils differed across
studies (an 8-channel headcoil compared to a 32-channel
headcoil), but research has been shown that fMRI results
across different imaging sites are very well comparable, even
when comparing across different headcoils and scanner
machines [see for example, Casey et al., 1998; Gountouna
et al., 2010; Kaza et al., 2011; Zou et al., 2005]. The settings
were as follows: 32 T2*-weighted echo planar images per
volume with BOLD contrast; alignment parallel to the AC-
PC plane in an odd–even interleaved acquisition order; FoV:
224 � 224 mm2; spatial resolution: 3.5 � 3.5 � 4 mm3; TE ¼
30 ms; TR ¼ 2,000 ms; flip angle ¼ 80�. A total of 1,160 vol-
umes were recorded for each of the 30 healthy subjects.
These data were processed in the exact same way (including
ICA denoising) as the main data set. This was a reanalysis
of a data set presented beforehand [Wiebking et al., 2011].

PET-Image Acquisition and Reconstruction

Twenty subjects underwent PET imaging with FMZ, a
GABA antagonist that binds at the GABAA benzodiazepine
receptor. It is a common method to measure GABAA recep-
tor density in vivo in humans [Frey et al., 1991; Salmi et al.,
2008]. [18F]FMZ has the advantages of a long half-life, a
good affinity for the benzodiazepine site on the GABAA re-
ceptor (Ki ¼ 11.6 nM), and a short positron range, which
enables the production of high-quality images. PET imaging
was done randomly either before or after the fMRI (mean
duration � SD between both types of scans: 1.9 � 3.6 days).

Whole-brain [18F]FMZ binding potential (BPND) values
were obtained using a Siemens ECAT HRRT (High Reso-
lution Research Tomograph) PET system (Siemens Medical
Solutions, Knoxville, TN) [de Jong et al., 2007]. [18F]FMZ
was synthesized as published previously, with a specific
activity between 1,500 and 2,000 Ci/mmol [Massaweh
et al., 2009]. Head movement was minimized with a head-
restraining adhesive band. A 6-min transmission scan
(137Cs-point source) was first acquired for attenuation cor-
rection followed by an intravenous tracer injection (over
60 s) of 260.7 MBq (� 21.24 SD) of [18F]FMZ. Subjects were
instructed to close their eyes and remain awake.

List-mode data were acquired for a period of 60 min
and then binned into a series of 26 sequential sets of 2,209
span 9 sinograms of increasing temporal duration, ranging
from 30 s to 5 min. PET data were reconstructed using a
3D OP-OSEM algorithm (10 iterations and 16 subsets)
[Hong et al., 2007; Hudson and Larkin, 1994] with full
accounting for scatter, random coincidences, attenuation,
decay, dead-time, and frame-based motion correction
[Costes et al., 2009]. The images used had a voxel size of
1.22 � 1.22 � 1.22 mm3 (256 � 256 � 207 voxels). GABAA

BPND maps were then calculated according to the Logan
plot method, using each of the pons (BPND-Pons) and cere-
bral white matter as the reference tissue region (BPND-WM)
[Logan et al., 1996]. In a final step, all BPND images were
aligned to MNI space.
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Two separate reference regions were used as each in
itself has limitations in relation to the Logan method. The
pons has commonly been used in [18F]FMZ studies
[Frankle et al., 2012; Klumpers et al., 2012; Odano et al.,
2009; Pearl et al., 2009]; however, recent studies have sug-
gested that it displays a significant degree of specific bind-
ing [Frankle et al., 2009, 2012; Klumpers et al., 2008; Millet
et al., 2002]. The cerebral white matter has been proposed
as an alternative reference region due to its lower degree
of specific binding [Klumpers et al., 2008; la Fougere et al.,
2011]. This region is not without downsides; however, spe-
cifically its location close to gray matter and CSF (leading
to potential activity spill-in from these regions) and the
fact that it is not clear that the level of nonspecific binding
is the same in gray and white matter, an assumption in-
herent to the Logan method [Lammertsma and Hume,
1996]. Thus, given these independent limitations of the
two reference regions, both were used and the correlation
results seen to be consistent across both BPND values taken
to be highly reliable.

As GABAA receptors have been previously utilized as
markers of neuronal density [la Fougere et al., 2011], there
is the potential that any relation between BPND and PSC
could be the result of the former acting as a proxy ROI
neuronal volume measure. To account for this possibility,
the segmented MR gray matter image, which contains
voxel values between 1 and 0, was convolved with a Gaus-
sian kernel of 2.5 mm FWHM to simulate the spatial reso-
lution of the HRRT PET scanner. The proportion of gray
matter in each ROI for each subject was calculated using
FSL and included as a control variable in all analysis
regarding BPND values. The individual biochemical meas-
ures for specific regions were entered into a second-level
correlation analysis in SPM, using the proportion of gray
matter as regressor of no interest in all calculations. Con-
trolling for gray matter, BPND values were also correlated
(two-tailed) with PSC derived from each ROI.

RESULTS

Behavioral Data

The mean reaction time for internal stimuli was 0.95 s
(�0.18 SD) and for external stimuli 0.98 s (�0.23 SD).
Reaction times showed no difference between stimuli
types and no significant correlation with PSC or PET-BPND

values in the main regions.

Imaging Results

To investigate BOLD responses in CMS during IA and
EA, a well-established fMRI paradigm was used [Critchley
et al., 2004; Pollatos et al., 2007; Wiebking et al., 2010,
2011] (Supporting Information Fig. 2).

As detailed in Figure 1 (see SPM images on the left
side), the contrast (Fixation > IA/EA; P � 0.05, FWE-cor-

rected, k � 10) revealed clusters of deactivation in the left
mPFC as well as in the bilateral precuneus. These func-
tional clusters were defined as ROIfunc:

1. Left mPFC: center of mass (x,y,z in MNI space): �6,
54, 4, volume: 688 mm.

2. Bilateral precuneus: center of mass (x,y,z in MNI
space): �1, �55, 26, volume: 5,624 mm.

A third cluster was found in the medial frontal region (see
also Supporting Information Fig. 1): the right mPFC, center
of mass (x,y,z in MNI space): 9, 54, 10, volume: 96 mm.

Calculating PSC in these functional clusters showed
clear task-induced deactivations during both IA and EA
across all regions. During fixation, small NBRs were
observed in the bilateral precuneus (see bar diagram on
the left side of Fig. 1) and the right mPFC (see bar dia-
gram in Supporting Information Fig. 1); a small positive
BOLD response occurred in the left mPFC (Fig. 1). All
three regions differed significantly (**P � 0.005) when
comparing fixation to IA or EA, respectively (using paired
t-tests, two-tailed). The distinction between IA and EA
was less pronounced across all regions, with significant
differences (*P � 0.05) in the bilateral precuneus and the
right mPFC and no difference in the left mPFC.

To support the results of task-induced deactivations in
CMS and to test for statistical independence, in line with
the recommendations made by Kriegeskorte, Poldrack,
and Vul [Kriegeskorte et al., 2009; Poldrack and Mumford,
2009; Vul et al., 2009], these ROIfunc were also applied to
an independent data sample that used the same fMRI par-
adigm and image processing. The PSC of the independent
data sample (bar diagrams on the right side of Fig. 1 and
Supporting Information Fig. 1) showed a similar pattern
between the three conditions. Signal changes for fixation
differed significantly from the two conditions (**P � 0.005
or *P � 0.05), except for the right mPFC (Supporting Infor-
mation Fig. 1), where EA showed a small positive BOLD
response and hence no difference between fixation and
EA. Compared to fixation, the differentiation between the
signal changes for IA and EA were also less pronounced
across all regions [*P � 0.05 in the right mPFC and (*) P �
0.1 in the left mPFC and bilateral precuneus].

Having demonstrated in the two samples that both IA
and EA induce reliable degrees of NBRs in the regions
studied, the potential involvement of GABAA-related func-
tion in these processes was investigated. GABAA BPND-

Pons values for each ROIfunc (see above) were extracted
from each subject’s [18F]FMZ-PET scan (Fig. 2a,b, left side)
and correlated with the signal differences between fixation
and EA. Since the proportion of gray matter in each ROI
was included as a control variable (see Methods; Table I),
the correlation graphs use the residuals of BPND-Pons and
PSC. In all ROIfunc, the difference in PSC between fixation
and EA was found to be negatively associated with intra-
regional GABAA BPND-Pons (Fig. 2a: *P � 0.05; left mPFC,
2b: **P � 0.01, bilateral precuneus). In contrast, no
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relationship was observed between BPND-Pons values and
the difference between fixation and IA or other signal
changes in any of the ROIfunc (Table I). Calculations using
BPND-WM can confirm this pattern in the anterior midline,
but not the posterior region (Table I). The difference
between the two correlations was significant for the bilat-
eral precuneus (P � 0.05, one-tailed) and marginal signifi-
cant (P � 0.1, one-tailed) for the right mPFC. The same
calculations were carried out using the brain regions also
derived from the main contrast, but which were not

located along the cortical midline. None of these areas
showed a significant relationship between BPND and PSC
(see Supporting Information Table 1).

The individual biochemical measures for each ROIfunc

were entered into a second-level correlation analysis in
SPM. In particular, the anterior midline regions showed a
negative correlation between BPND and the contrast con-
taining EA [Fixation > EA]. Whole brain regressions using
BPND-Pons are illustrated in the lower parts of Figure 2a,b
(P � 0.001, uncorrected, k � 20). Regressions using BPND-

Figure 1.

Cortical midline regions of interest (ROIfunc, yellow color) were

defined by the contrast [Fixation > Internal (IA)/External

Awareness (EA)] (P � 0.05, FWE-corrected, k � 5, n ¼ 24 sub-

jects; see SPM images on the left side). Bar diagrams, next to

the SPM images, show percent signal changes (PSC, mean �
SEM) and accordingly negative BOLD responses (NBRs) during

fixation (gray), EA (blue), and IA (red). Paired t-tests between

the PSC were calculated (**P � 0.005, *P � 0.05, (*) P � 0.1).

ROIfunc were also applied to an independent data sample (n ¼
30 subjects), and paired t-tests between PSC were calculated.

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

available at wileyonlinelibrary.com.]

Figure 2.

[18F]FMZ-PET imaging was used to calculate binding potentials

(BPND-Pons) for GABAA receptors, applying functional regions of

deactivation (ROIfunc, green color) derived from the contrast

[Fixation > Internal/External Awareness] (P � 0.05, FWE-cor-

rected, k � 5; see also Fig. 1). These values were correlated

(controlled for gray matter) with percent signal changes (PSC)

of the ROIs (see partial correlation graph showing the residuals

of BPND-Pons and PSC, *P � 0.05, **P � 0.01). Moreover, BPND-

Pons values were entered into a whole brain regression analysis

in SPM (controlled for the proportion of gray matter). The

lower part shows a negative correlation for the contrast [Fixa-

tion > External Awareness] with BPND-Pons (P � 0.001, uncor-

rected, k � 20). (a) Shows results for the left mPFC and (b) for

the bilateral precuneus. Results for the right mPFC can be found

in Supporting Information Figure 1. Calculations applying BPND-

WM can be found in Supporting Information Figure 3. [Color

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

wileyonlinelibrary.com.]
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Figure 2.
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Pons are shown in the right lower corner of Supporting In-
formation Figure 3 (green-bordered, P � 0.005, uncor-
rected, k � 40). No results were observed in the contrast
containing IA [Fixation > IA]. Detailed results about the
conducted calculations are provided in Supporting Infor-
mation Table 3. Again, as already shown by the previous
results, it is specifically EA compared to fixation that
showed a negative connection with BPND rather than IA.

Finally, to support findings in ROIfunc, the biochemical
measures (BPND-Pons and BPND-WM) for anatomical-defined
midline regions (ROIana) were calculated and partial corre-
lated with signal differences (see Supporting Information
Table 2) as well as entered into a second-level correlation
analysis in SPM (Supporting Information Fig. 3). Results in
Supporting Information Table 2 focus on reporting the cen-
tral values, namely, the signal differences [Fix-IA] and [Fix-
EA], since signal changes for fixation, IA, or EA showed no
correlation with BPND. Specifically the anterior midline
regions, the frontal middle orbital cortex and the frontal
superior middle cortex, showed consistent negative correla-
tions between BPND and [Fix-EA] (see Supporting Informa-
tion Table 2). Correlation analysis in SPM confirmed this

pattern along CMS between BPND and [Fix-EA] (Supporting
Information Fig. 3). Also in accordance to ROIfunc (Table I),
the posterior region of the precuneus revealed not a clear
pattern. BPND values of the anterior cingulate cortex did
not lead to significant results in neither [Fix-EA] nor [Fix-
IA] as well as nonmedial ROIana, like the amygdala and
hippocampus (see Supporting Information Table 3).

DISCUSSION

The fMRI data from this study demonstrated the induc-
tion of NBRs during both IA and EA in anterior and poste-
rior CMS (mPFC and precuneus) when compared to fixation
periods (i.e., the absence of specific external stimuli). Whilst
the induction of NBRs during external stimuli is in accord-
ance with previous studies focusing on different kinds of
external stimuli or goal-oriented tasks [Gusnard et al., 2001;
Raichle and Snyder, 2007; Simpson et al., 2001], the present
study extends these findings by showing the induction of
NBRs also during IA. This was suggested by a previous ex-
ploratory fMRI study [Wiebking et al., 2011], and is in

TABLE I. Three cortical midline regions were defined using the contrast [Fixation > IA/EA] (P � 0.05,

FWE-corrected, k � 10, n 5 24 subjects, coordinates in MNI space)

ROIfunc BPND-Pons PSC

Partial correlation
(controlled for gray matter)
between PSC and BPND-Pons BPND-WM

Partial correlation
(controlled for gray matter)
between PSC and BPND-WM

(x,y,z)/ k/ T-value Fixation
IA
EA

Fix-IA
Fix-EA

Left mPFC

(�4,56,6)/ 86/ 9.18 6.7 � 1.1 0.01 � 0.05 r ¼ �0.31 9.0 � 1.2 r ¼ �0.05
�0.04 � 0.05 r ¼ �0.14 r ¼ 0.01
�0.03 � 0.05 r ¼ 0.02 r ¼ 0.27

0.05 � 0.03 r ¼ �0.23 r ¼ �0.10
0.04 � 0.03 r ¼ �0.47* r ¼ �0.49*

Right mPFC

(8,56,10)/ 12/ 7.08 6.4 � 1.8 0.00 � 0.04 r ¼ 0.05 8.1 � 1.9 r ¼ �0.03
�0.04 � 0.05 r ¼ 0.10 r ¼ �0.04
�0.02 � 0.04 r ¼ 0.29 r ¼ 0.18

0.04 � 0.03 r ¼ �0.11 r ¼ 0.02
0.02 � 0.03 ar ¼ �0.46(*) r ¼ �0.39(*)

Bilateral Precuneus

(0,�48,38)/ 703/ 8.44 6.8 � 1.0 0.00 � 0.04 r ¼ �0.11 9.1 � 1.2 r ¼ 0.04
�0.06 � 0.05 r ¼ �0.07 r ¼ �0.05
�0.05 � 0.04 r ¼ 0.33 r ¼ 0.29

0.06 � 0.02 r ¼ �0.04 r ¼ 0.17
0.04 � 0.03 r ¼ �0.59** r ¼ �0.34

For each region, binding potential values (BPND-Pons using the pons as reference tissue and BPND-WM using the white matter as a refer-
ence tissue) for GABAA receptors were calculated (n ¼ 20 subjects) and correlated (two-tailed, controlled for gray matter) with percent
signal changes (PSC).
aResult for the right VMPFC/DMPFC is due to an outlier regards extracted PSC.
*P � 0.05.
**P � 0.01.
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accordance with a specific reanalysis of this data set, as well
as with a recent meta-analyses [Schilbach et al., 2012].

Combining fMRI with biochemical measures derived
from PET imaging, this study also investigated a possible
differential association between the availability of GABAA

receptors (as reflected by the binding potential) and NBRs
in CMS. BPND values in the anterior cortical regions, such
as the mPFC (ROIfunc), frontal superior medial cortex, and
frontal middle orbital cortex (both ROIana) showed a nega-
tive relationship to NBRs induced by EA rather than IA
when compared to fixation.

Since correlation results across both BPND values are
closely comparable, especially in the anterior cortical
regions, our results can be considered as valid and not
due to advantages or disadvantages of one or the other
reference tissue regions for the BPND calculations. How-
ever, results concerning posterior regions were less strin-
gent and need to be interpreted with caution.

Of note was the absence of correlating brain regions
when BPND values of the anterior cingulate were applied.
This can potentially be explained by the size of the ana-
tomical region, which includes both the task-negative
pgACC (perigenual anterior cingulate cortex) and the task-
positive sgACC (supragenual anterior cingulate cortex)
[see for example, Duncan et al., 2011]. The opposite neuro-
nal behavior of these regions might lead to a nonresult in
the SPM analysis.

These findings indicate that GABAA receptor availability
within the regions studied is more closely associated with
the processing of external, rather than internal, stimuli when
compared to fixation in the context of the task used. Since
there is evidence that NBRs can be mediated, at least in
part, by GABA [Northoff et al., 2007], the processing of in-
ternal stimuli might have a more complex relationship with
GABA that is not captured by the methods employed here.

Our findings in healthy subjects might help to form con-
cepts about pathophysiological mechanisms of altered
states of awareness as observed in psychiatric disorders.
Although speculative at this point, the GABAergic deficit
hypotheses of anxiety and depression [Kalueff and Nutt,
2007; Levinson et al., 2010; Mohler, 2011; Pilc and Nowak,
2005; Sanacora, 2010] might in future research be linked to
their altered awareness states [Grimm et al., 2011; Paulus
and Stein, 2010; Wiersma et al., 2011].

Several limitations of the study should be noted. Firstly,
a linear relationship between the BPND of GABAA recep-
tors and the degree of neuronal inhibition obtained in
fMRI remains speculative at this point [for more details,
see also Donahue et al., 2010; Shmuel et al., 2002]. This
assumption needs to be confirmed in future studies in ani-
mals and humans, as does how GABAA receptor availabil-
ity is exactly related to intracellular and extracellular
concentrations of GABA. Secondly, apart from reaction
time during fMRI, no other measures concerning the
degree of awareness were recorded. Whilst reaction time
was not related to either the degree of induced NBR or the
GABAA receptor BPND, further studies need to provide a

more extensive and detailed monitoring during fMRI (e.g.,
heart rate or galvanic skin response).

One may argue that our measurement of IA still requires
a lot of EA. To underline our result that GABA BPND is
more closely associated with mediating EA rather than IA,
the inclusion of different types of IA, for example, mind
wandering, should be considered in future experiments.
Moreover, we defined a default-mode of the brain as the
neuronal activity during the absence of an active task [Shul-
man et al., 2009], which was operationalized using the fixa-
tion cross period. Even viewing this cue may, however,
induce some relevant activity, thus precluding what has
been described as a ‘‘pure’’ default-mode [Logothetis et al.,
2009]. Since we were interested in the induction of positive
and negative BOLD responses in CMS during the condi-
tions of interest, the fixation periods used were rather short.
We are aware that our results must be replicated for longer
rest periods in order to be sure that they are not due to
overlapping BOLD responses from preceding activation
periods. Finally, the fact that IA-induced NBRs did not cor-
relate with the BPND for GABAA leaves open the exact
underlying differential mechanism, which ties into the point
that a linear relationship between BPND and neuronal
responses in fMRI is tentative. Also, the exact physiological
mechanism underlying the BOLD signal, and especially the
NBRs, remains unclear [Lauritzen et al., 2012; Logothetis,
2008]. As such, future investigations may wish to test for
the distinction between IA and EA by measuring single
unit activity and local field potentials during, for instance,
GABAergic modulation. In addition, future ideas to investi-
gate the relationship between changes in BOLD signal in
CMS in response to IA and EA and changes in GABAA

BPND may wish to include a challenge study [e.g., with tia-
gabine, Frankle et al., 2012]. Conceivably, even a behavioral
paradigm during [18F]flumazenil PET scans can be applied,
as changes in BPND would represent a more dynamic com-
ponent of the GABAergic system.

In conclusion, this study demonstrates that both IA and
EA induce NBRs in anterior and posterior midline regions.
Moreover, IA and EA, when taken in comparison to fixa-
tion, each show a different association pattern to the BPND

of GABAA receptors. Hence, GABAergic receptor availabil-
ity, and thus potentially GABAergic activity, may be con-
sidered as an influencing factor in the mediation of a
distinction between external, as compared to internal,
processing in CMS. This might have implications for psy-
chiatric disorders like MDD, which show a combination of
altered awareness and GABAergic function.
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