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Abstract
Conceptual self-awareness is a mental state in which the content of one’s consciousness refers to a particular aspect of
semantic knowledge about oneself. This form of consciousness plays a crucial role in shaping human behavior; however,
little is known about its neural basis. Here, we use functional magnetic resonance imaging (fMRI) and a visual masked
priming paradigm to dissociate the neural responses related to the awareness of semantic autobiographical information
(one’s own name, surname, etc.) from the awareness of information related to any visual stimulus (perceptual awareness),
as well as from the unaware processing of self-relevant stimuli. To detect brain activity that is highly selective for selfrelevant information, we used the blood-oxygen-level-dependent (BOLD) adaptation approach, which goes beyond the
spatial limitations of conventional fMRI. We found that self-awareness was associated with BOLD adaptation in the medial
frontopolar-retrosplenial areas, whereas perceptual awareness and unaware self-processing were associated with BOLD
adaptation in the lateral fronto-parietal areas and the inferior temporal cortex, respectively. Thus, using a direct
manipulation of conscious awareness we demonstrate for the ﬁrst time that the neural basis of conceptual self-awareness
is neuroanatomically distinct from the network mediating perceptual awareness of the sensory environment or unaware
processing of self-related stimuli.
Key words: BOLD adaptation, default mode network, fMRI, lateral fronto-parietal network, visual masked priming

Introduction
Who am I? Humans have asked themselves this question since
the dawn of man. Apart from the existential relevance for each
individual, the very ability to pose this question is intriguing: it
requires conceptual self-awareness, that is, a mental state in
which the content of one’s consciousness refers to a given
aspect of knowledge about oneself, for example, when we
introduce ourselves to other people or reﬂect about our personality and identity (Duval and Wicklund 1972; Baumeister
1998; Zeman 2001; Schooler 2002; Carver 2012; Lou et al. 2016).

This type of consciousness is considered the hallmark of the
human mind, because both ontogenetically and phylogenetically, it develops as one of the last cognitive functions (Gallup
1997; Zelazo 2004). Awareness of one’s own personality and
identity, with associated thoughts and feelings, allows us to
self-reﬂect, develop as individuals in a social context, and generate complex behaviors (Baumeister 1998; Zeman 2001; Lou
et al. 2016). Despite its importance in everyday life, surprisingly little is known about the neural substrate of conceptual
self-awareness.
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emotional, and behavioral reactions than does hearing another
person’s name. Decades of studies in psychology and cognitive
neuroscience have shown that self-relevant information is
used to construct a multilevel and up-to-date representation of
the self (Churchland 2002). These bodily, perceptual, and conceptual self-constructs serve as “reference points” in a variety
of physiological, cognitive, and social processes (Schacter et al.
2003; Mitchell et al. 2006; Ehrsson 2007; Bergouignan et al. 2014;
Sui and Humphreys 2015). The medial prefrontal and posterior
cingulate cortices likely contain a higher order representation
of self-concept because these regions are more active during
the processing of various types of self-related stimuli (Northoff
et al. 2006; Sugiura et al. 2008; Qin and Northoff 2011) across
different modalities (Tacikowski et al. 2013) and across
different situational contexts, for example, during self-focused
daydreaming, imagining one’s future, or autobiographical
remembering (Cabeza and St Jacques 2007; Buckner et al. 2008;
Schooler et al. 2011). Anatomically, these midline prefrontocingulate structures are interconnected (Greicius et al. 2009)
and they show a high degree of functional connectivity during
“rest,” constituting the so-called “default mode network” (DMN)
(Raichle et al. 2001; Buckner et al. 2008). Given the above,
activity in these midline fronto-cingulate areas constitutes an
ideal candidate system to mediate human conceptual selfawareness.
During fMRI, 26 healthy participants discriminated whether
visually presented names, surnames, dates of birth, and
nationality codes were self- or other-related. We used these
semantic autobiographical stimuli because they are at the core
of one’s social identity (Watson 1986; Gray et al. 2004; Martinelli
et al. 2013) and at the same time they can be presented very
brieﬂy allowing conservative manipulations of awareness.
Speciﬁcally, in half of the trials, the visual masked priming procedure was used to drastically reduce awareness of the stimuli
(unaware context), whereas in the other half, there were no
masks, and the stimuli were fully visible (aware context). As a
result, we had 4 conditions in a 2 × 2 design with “person” (self
vs. other) and “awareness” (aware vs. unaware) as the factors
(Fig. 1A). Importantly, this design allowed us to disambiguate
conceptual self-awareness from perceptual awareness and
unaware self-processing by identifying neural responses that
are speciﬁc to the aware processing of self-relevant information
(i.e., “person” × “awareness” interaction).
Moreover, to ensure the identiﬁcation of genuine selfselective cortical responses, we used the blood-oxygen-leveldependent (BOLD) adaptation approach. This approach goes
beyond the spatial limitations of conventional fMRI and allows
detection of overlapping neuronal populations (Grill-Spector
et al. 2006). The BOLD-adaptation effect is based on a wellestablished electrophysiological ﬁnding that neurons responding to a certain stimulus feature, for example, shape or color,
show reduced ﬁring rates when stimuli possessing this feature
are presented repetitively, that is, the so-called “repetition suppression effect” (Li et al. 1993). Thus, the BOLD adaptation corresponds to reduced signal amplitude in congruent trials (i.e.,
subsequent presentation of stimuli sharing a given feature)
than in incongruent trials (i.e., subsequent presentations of
stimuli not sharing this feature) (Grill-Spector et al. 2006) and
this reduction is robust for both unconscious and conscious
cognitive processes (Dehaene et al. 2001; Grill-Spector et al.
2006; Nakamura et al. 2007; Kouider et al. 2010). Here, we presented congruent or incongruent pairs of self-related or
nonself-related stimuli (Fig. 1A) to look for areas that show
BOLD adaptation only to congruent pairs of self-relevant
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In contrast, we have a relatively good understanding of the
neurocognitive basis of perceptual awareness, that is, the
awareness of events and objects in the external environment.
By using paradigms in which perceptual awareness is explicitly
manipulated to enable the dissociation of aware and unaware
processing (e.g., by using a visual masking procedure) of the
same sensory stimulus, perceptual awareness has been associated with activity in the anatomically interconnected network
of areas located in the lateral fronto-parietal association cortices (Rees et al. 2002; Dehaene et al. 2006; Dehaene and
Changeux 2011; but see Koch et al. 2016; Tononi et al. 2016).
Speciﬁcally, the awareness of external sensory stimuli is considered to arise when information about these stimuli becomes
globally distributed within the fronto-parietal network, which
in turn facilitates the ﬂexible control of behavior depending on
the task at hand (Dehaene et al. 2006; Dehaene and Changeux
2011). However, these theories do not explicitly address the
problem of self-awareness, and in fact, it is a common assumption in the ﬁeld that regardless of what type of information we
become aware of—self-relevant or not—it is supported by the
same set of neural mechanisms (Crick and Koch 1998) within
the lateral fronto-parietal network (Dehaene and Changeux
2011). To the best of our knowledge, no published neuroimaging study has directly tested this assumption by comparing
masked and unmasked stimuli that are either self-related
or not self-related within a single experimental design. Thus,
it remains unknown whether conceptual self-awareness and
perceptual awareness rely on common or separate neural
substrates.
Apart from being dissociated from the neural correlates of
perceptual awareness, the neural basis of conceptual selfawareness should also be differentiated from the brain mechanisms of self-related information processing without awareness,
or “unaware self-processing.” The conceptual self is a multicomponent and multilevel mental construct, which could be
accessed consciously or unconsciously (Baumeister 1998;
Greenwald et al. 2002; Morin 2006; Carver 2012; Oyserman et al.
2012). For example, when we reﬂect about our personality or
identity, we access the aware aspects of self-concept. In contrast,
turning our head automatically before even consciously realizing that someone has called our name is an example of
unaware self-processing. Behavioral evidence suggests that
self-relevant information is indeed detected automatically
already at unconscious stages of stimulus processing hierarchy (Bargh 1982; Alexopoulos et al. 2012; Pﬁster et al. 2012).
Previous neuroimaging studies have associated the processing of conceptual self-related information with activations in
the medial and lateral prefrontal cortex, posterior cingulate
cortices (Northoff et al. 2006; Qin and Northoff 2011), hippocampus, temporo-parietal junction, and inferior occipitotemporal cortex (Martinelli et al. 2013). However, as described
above, no published study has experimentally manipulated
the “awareness” of self-processing; therefore, it remains
unknown whether conscious and unconscious components of
self-concept have overlapping or distinct brain bases.
Here, we combine advanced functional magnetic resonance
imaging (fMRI) and a classical visual masking paradigm to test
the hypothesis that conceptual self-awareness is associated
with activity in a distinct network of areas including the medial
prefrontal cortex (MPFC) and the posterior cingulate cortex
(PCC). This hypothesis is based on the idea that information
related to the self is processed in a very different way from that
of information that is self-irrelevant; hearing our own name
called out, for example, leads to much stronger attentional,
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ally, and the participants’ task was to decide (by pressing one of the two buttons) whether stimuli occurring at the end of each trial (the targets; indicated by orange
triangles) were related to themselves or to another person. In half of the trials, stimuli appearing before the targets (the primes; white triangles) were immediately
preceded and followed by visual masks, thus making the aware processing of these primes highly demanding. In the other half of the trials, there were no masks,
which made the aware processing easy. Stimulus durations and intervals between stimuli are indicated in milliseconds, next to the time axis. (B) The results of the
visibility test showed that subjects were much worse at discriminating masked primes than unmasked primes (zero indicates the chance level; bar plots indicate
medians ± interquartile ranges). (C) The priming effect (RTs incongruent > congruent trials) was signiﬁcantly stronger in the “self” than in the “other” condition and
stronger in the “aware” than in the “unaware” condition (bars indicate means ± standard errors). cong., congruent trials; incong., incongruent trials.

stimuli, meaning that these areas contain neuronal populations that process self-related information in a highly selective
fashion. By combining this approach with the experimental
manipulation of awareness (in the factorial design as described
above), we could provide the ﬁrst conclusive neuroimaging evidence for the neural basis of conceptual self-awareness.
In a purely descriptive approach, we also examined the
potential overlap between areas involved in conceptual selfawareness and DMN. Overlap between areas associated with the
processing of self-related information and DMN maps obtained
during a “resting state” has been demonstrated before (Gusnard
et al. 2001; D’Argembeau et al. 2005; Buckner et al. 2008; Qin and
Northoff 2011; Whitﬁeld-Gabrieli et al. 2011). Therefore, we
thought that it would also be valuable to examine possible anatomical correspondence for areas speciﬁcally related to the
awareness of self-related information processing. To that end,
we collected resting-state data from all our participants prior to
the main fMRI experiment and could therefore directly compare
DMN and BOLD-adaptation responses related to conceptual selfawareness within the same group of subjects.

Materials and Methods
Participants
Twenty-six right-handed volunteers (mean age: 25 ± 4, 11
females) participated in the study; two additional participants
were excluded due to excessive head movement. All participants were healthy, reported no history of psychiatric illness or
neurological disorder, and had normal or corrected-to-normal
vision. All participants gave their written informed consent
before the start of the experiment. The Regional Ethical Review
Board of Stockholm approved the study, and the study was

performed according to the guidelines of the Declaration of
Helsinki 1975.

Design and Procedures
During the fMRI-BOLD-adaptation session, we presented selfrelated stimuli (i.e., each participant’s own name, surname,
year of birth, and nationality) and other-related stimuli (i.e.,
another person’s name, surname, year of birth, and nationality). Nationality was indicated by a 3-letter international code
(e.g., “FRA” for France) according to the ISO 3166 norm. All
words were written in white capital letters (Arial font) and were
presented centrally on a black background. Self- and otherrelated stimuli were the same size (names and surnames were
matched to have the same number of letters), so did the dates
and nationality codes. The participant’s own and other persons’ names were also matched in terms of gender. Each trial
began with a ﬁxation point (i.e., a white “+”), followed by a
prime, followed by a target. In half of the trials, the primes
were immediately preceded and immediately followed by forward and backward masks, respectively. In all trials, participants had 1500 ms to respond (i.e., the time from the onset of
the target to the end of the trial). Figure 1A provides speciﬁc
information about the onsets, durations, and intervals between events in different types of trials. Recordings using a
high-speed camera (1000 Hz, model Exilim EX-ZR100, Casio
Computer Ltd) conﬁrmed that the forward masks, primes, and
backward masks were displayed for 17 ± 1 ms each and that
the intervals between them were 17 ± 2 ms long. In summary,
apart from factors that were explicitly manipulated—the occurrence or absence of masks, the person that primes and targets
referred to, and the prime-target congruency—all other aspects
of stimulus presentation were matched between trial types.
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Figure 1. Experimental design and behavioral results. (A) Self- and other-related stimuli (names, surnames, dates of birth, and nationality codes) were presented visu-
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Grill-Spector et al. 2006; Nakamura et al. 2007; Kouider et al.
2010; Alexopoulos et al. 2012; Pﬁster et al. 2012).

MRI Data Acquisition
We used a General Electric 3T Discovery MR750 scanner
equipped with an 8-channel head coil. First, we collected
resting-state data; during this session, the participants were
asked to look at a white “+” centered on a black screen, relax,
and try not to engage in any speciﬁc mental activity. We
acquired 150 echo-planar image (EPI) volumes for each participant, using the following scanning parameters: time repetition
(TR) = 2200 ms; time echo (TE) = 30 ms, matrix size 72 × 72, feldof-view (FOV) = 220 × 220 mm; ﬂip angle (FA) = 70 degrees; 47
axial slices, voxel size: 3 × 3 × 3 mm. Next, 2 fMRI scan runs
were conducted; this functional data consisted of 580 EPI
volumes per subject, acquired with the following parameters:
TR = 2000 ms; TE = 30 ms; matrix size 72 × 72; FOV = 220 ×
220 mm; FA = 70 degrees; number of axial slices: 42; voxel size =
3 × 3 × 3 mm. At the end of the experiment, when the visibility
test was conducted, we acquired a high-resolution anatomical
scan, using the 3D Cube T2 FLAIR sequence with the following
parameters: TR = 8000 ms; FOV = 270 × 270 mm; number of axial
slices: 176; matrix size: 256 × 256; voxel size 1 × 1 × 1 mm.

fMRI First-Level Analysis
The fMRI data were analyzed using the Statistical Parametric
Mapping software, version 8 (SPM8; http//:www.ﬁl.ion.ucl.ac.uk/
spm; Wellcome Department of Cognitive Neurology, London,
UK). Preprocessing included the following steps: 1) slice-timing
correction; 2) realignment of all functional volumes to the ﬁrst
volume; 3) coregistration of the functional and the anatomical
scans; 4) segmentation of the structural scan into the white
matter, gray matter, and cerebrospinal ﬂuid partitions; 5) normalization of these partitions to the Montréal Neurological
Institute (MNI) standard brain; 6) application of the same transformations to all functional volumes; 7) resampling of the functional volumes to 1.5 × 1.5 × 1.5 mm voxel size; and 8) spatial
smoothing of functional images with an 8-mm full-width-athalf-maximum (FWHM) isotropic Gaussian kernel.
Next, a linear regression model was ﬁtted to each participant’s data with regressors deﬁned for each trial type. Event
timings were based on the onsets of target stimuli. We used
only trials in which the subjects responded correctly; all incorrect trials were included in a common nuisance regressor.
Each regressor was then convolved with the canonical hemodynamic response function provided in SPM8. Linear contrasts
were deﬁned within the general linear model (GLM). In particular, we calculated the difference between incongruent and congruent trials for the self-unaware (SU), other-unaware (OU),
self-aware (SA), and other-aware (OA) conditions. In addition
to taking advantage of the BOLD-adaptation approach (see
Introduction), the calculation of incongruent > congruent contrasts for each condition excluded possible confounding factors
due to the presence or absence of masks or due to different
motor-response requirements for self- and other-related targets (these procedural aspects were identical in the congruent
and incongruent trials within a given condition; therefore, they
canceled each other out when calculating the BOLD-adaptation
contrasts).
The subject-speciﬁc regression models also included movement outliers, 6 movement regressors, and 1 block regressor.
The movement outliers were identiﬁed using the Artifact
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There were 8 trial types: self-masked incongruent; selfmasked congruent; other-masked incongruent; other-masked
congruent; self-unmasked incongruent; self-unmasked congruent; other-unmasked incongruent; and other-unmasked congruent (Fig. 1A). Each trial type was repeated 24 times. The 192
trials were presented in pseudorandom order (not more than
3 consecutive repetitions of the same trial type) in 2 runs
(each run lasted ca. 10 min, during which 96 trials were presented). The break between 2 runs was approximately 2 min.
Participants were instructed to ignore the primes and respond
only to the targets. In particular, the participants’ task was to
discriminate whether each target was self-related (e.g., the participant’s own name or surname) or other-related (e.g., someone else’s name or surname) by pressing one of two buttons on
a hand-held MR-compatible response pad (model HHSC-1x4-D,
Current Designs, Inc.). For both types of responses, participants
used their right thumbs. The instructions emphasized that
both the speed and the accuracy of responses were important.
Before the actual study, the participants practiced the task on a
computer located outside the scanner (16 trials; 2 repetitions of
each trial type). The key assignment (i.e., left key for self and
right key for other or vice versa) was counterbalanced across
participants.
Each name, surname, date, and nationality code was
repeated the same number of times within one trial type
(6 repetitions resulting in 24 trials per trial type). In all trials,
the primes and targets belonged to the same stimulus category;
that is, a name prime was always followed by a name target, a
surname prime by a surname target, and so on. In the congruent trials, the primes and targets referred to the same person,
whereas in the incongruent trials, they referred to different
people (Fig. 1A). The intertrial intervals (ITIs) were 3, 4, or 5 s,
and they were randomly distributed across the 192 trials.
Different ITIs were used to optimize the BOLD responses and
signal discrimination between trial types. The stimuli were
displayed via an LCD projector (NEC MT1050; NEC Display
Solutions Ltd) on a screen that the volunteers viewed through a
mirror mounted on the head coil of the scanner. Presentation
software (version 16.4, Neurobehavioral Systems, Inc.) was
used to control the timing of stimulus presentation and to
record participants’ responses.
After the main fMRI-BOLD-adaptation session, while still
inside the scanner, the participants performed a visibility test.
Compared with the BOLD-adaptation session, this test differed
only in 2 ways: 1) each trial type was repeated 12 times instead
of 24, so that the 96 trials were presented nonstop for approximately 10 min and 2) the participants were asked to decide
whether the primes, not the targets, were self- or other-related.
The instructions for this part emphasized that if the participants
were unsure, they should attempt to guess the correct answer
(forced choice). The key assignment in the “visibility test” was
always the same as in the BOLD-adaptation session. Crucially,
the purpose of the visibility test was to validate the experimental manipulations from the main fMRI-BOLD-adaptation session.
Because the stimuli were presented in exactly the same way
during both sessions, the observation that the participants could
not recognize masked primes above chance level during the
visibility test indicates that masked primes were processed
without awareness during the fMRI-BOLD-adaptation session as
well. Analogously, showing that recognition of unmasked
primes was above chance level during the visibility test indicates that unmasked primes were also processed consciously
in the fMRI-BOLD-adaptation session. Similar logic has been
applied in many previous studies (Dehaene et al. 2001;
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fMRI Second-Level Data Analysis
Contrast images that represented the strength of the BOLDadaptation effect in SU, OU, SA, and OA conditions for each
participant were entered into the random-effects group analysis, speciﬁed as a two-way repeated-measures ANOVA, with
“awareness” (aware vs. unaware) and “person” (self vs. other)
as the factors. The effects of interest were identiﬁed by the following t-contrasts: 1) active regions related to conceptual selfawareness: (SA − OA) − (SU − OU), masked inclusively by
the SA − OA and SA − SU contrasts; 2) active regions related to
perceptual awareness: (SA + OA) – (SU + OU), masked inclusively
by the SA − SU and OA − OU contrasts; 3) active regions involved
in unaware processing of self-related information: (SA + SU) −
(OA + OU), masked inclusively by the SA − OA and SU − OU
contrasts; and 4) active regions involved in unaware processing
of any perceptual information: (SU + OU + SA + OA) > 0,
masked inclusively by the (SU + OU) > 0 contrast. Using inclusive masks allowed us to identify brain regions that showed
Table 1 Results of fMRI analysis
Contrast/anatomical region
Conceptual self-awareness
R. medial frontopolar gyrus (frontal pole)b
R. superior temporal gyrus (temporal pole)
L. superior temporal gyrus (temporal pole)
L. hippocampusb
L. cingulate gyrus (retrosplenial cortex)b
Perceptual awareness
L. fusiform gyrus
L. superior frontal gyrus (SMA)
R. superior frontal gyrus (pre-SMA)
L. superior frontal gyrus (pre-SMA)
L. supramarginal gyrus/intraparietal sulcus
L. intraparietal sulcus
L. precentral sulcus, superior part
Self-unaware
L. inferior temporal sulcus, anterior part
Perceptual-unaware
R. cingulate gyrus, middle part
L. fusiform gyrus

x

y

z

t value

Voxels

P valuea

4
32
−30
−21
−8

56
6
2
−21
−54

−11
−26
−26
−15
7

4.81
3.96
4
3.69
3.55

1243
78
117
296
238

0.008c
0.016
0.034
0.016
0.049

−38
−9
9
−8
−45
−34
−38

−45
−9
9
12
−52
−61
5

−23
51
51
48
51
57
37

4.38
3.61
3.71
3.55
3.66
3.55
3.85

81
241
32
72
197
57
151

0.004
0.032
0.042
0.049
0.036
0.048
0.021

−45

−7

−29

3.76

45

0.028

9
−32

−16
−52

27
−17

4.31
3.61

944
119

0.024c
0.042

Note: Labels of functional regions provided in brackets follow labels of anatomical regions. SMA, supplementary motor area. For details on how “conceptual selfawareness,” “perceptual awareness,” etc., were operationalized, see the “fMRI Second-Level Data Analysis” section.
a
All brain regions (peaks) with signiﬁcant activation (P < 0.05, FWE correction) at a voxel level, using small volumes as search spaces.
b

Speciﬁc localizations of these peaks are displayed in Figure 3.

c

Brain regions (peaks) with signiﬁcant activation (P < 0.05, FWE correction) at a whole-brain cluster level.
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the directed patterns of the BOLD-adaptation responses of
interest, for example, voxels that showed a signiﬁcant interaction with strong effects in the SA condition as opposed to
the contrast being driven by differences between less important
conditions. The threshold for all masks was set to P < 0.05
(uncorrected) in a purely descriptive fashion. Note that inclusive masks do not change the inferential descriptive statistics of the main contrasts, and thus in the current study, the
masks simply excluded the voxels that showed a pattern of
responses that we did not consider psychologically meaningful.
In Table 1, we report only activation peaks that surpassed the
P < 0.05 threshold corrected for multiple comparisons using the
family-wise error (FWE) method, either at the whole-brain cluster level or at the level of small volumes based on a priori
neuroanatomical hypotheses. In Supplementary Table 1, we
additionally report all major clusters (k > 10) that survived the
threshold of P < 0.001 (uncorrected).
The small volumes in the present study (18 mm radius
spheres) were centered on the activation peaks reported by
previous studies on self-related information processing and on
perceptual awareness. In a recent meta-analysis of 13 neuroimaging papers, Martinelli et al. (2013) have shown that the
bilateral medial temporal cortices, medial prefrontal, and posterior cingulate cortices, as well as inferior temporal and occipital regions are involved in the processing of visual semantic
autobiographical information, that is, exactly the type of stimuli that we have used in the current study. We hypothesized
that within this network the medial prefrontal and posterior cingulate cortices are related to the aware processing of self-related
information, whereas the inferior occipital and temporal regions
are related to the unaware aspects of self-processing. As a result,
the small-volume correction for the conceptual self-awareness
contrast and the unaware self-processing contrast were based
on the ﬁndings of Martinelli and colleagues (2013, Table II); all
coordinates reported by Martinelli and colleagues were converted from the Talairach to the MNI space using the GingerALE

Detection Toolbox (ART, www.nitrc.org/projects/artifact_detect).
Speciﬁcally, an image was deﬁned as an outlier if the head displacement in the x, y, or z direction was greater than 0.5 mm
from the previous frame, if the rotational displacement was
greater than 0.02 radians from the previous frame, or if the global mean intensity in the image was greater than 3 standard
deviations from the mean image intensity for the entire functional scan. Outlier images were not deleted from the time series but modeled in the GLM thus the temporal structure of the
data was not disrupted. Each outlier was represented by a single regressor in the GLM, with a “1” for outlier time points and
“0” elsewhere. Two participants had outliers in more than 10%
of the volumes; therefore, we excluded those subjects from further analysis (see the “Participants” section). The data quality
for the remaining 26 subjects was very high; artifacts were
detected in only 2 ± 1% of all volumes.
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software (http://brainmap.org). With regard to brain regions
involved in perceptual awareness, we expected to see activations
mainly in the lateral fronto-parietal regions. The occipital and
inferior temporal regions, in turn, were hypothesized to be
involved in the unaware processing of perceptual information in
our paradigm. For these 2 contrasts, the small-volume correction
was based on the ﬁndings of Dehaene et al. (2001), that is, activations associated with unmasked and masked words, respectively
(Experiment I in their study). The anatomical localization of activations in the present study was based on the major sulci and
gyri (Duvernoy 1991), distinguishable on a mean MRI generated
from the standardized anatomical MRIs of the 26 participants.

Resting-State Data Analysis

Results
Behavioral
We ﬁrst checked whether the masking procedure was effective
in manipulating conscious awareness of prime stimuli by
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Resting-state functional connectivity was analyzed using the
CONN-toolbox (http://www.nitrc.org/projects/conn/). Spatial
preprocessing of functional volumes included slice-timing
correction, realignment, normalization, and smoothing (8-mm
FWHM Gaussian ﬁlter), using SPM8 default parameters.
Temporal time series that characterized estimated motion
(3 rotation, 3 translation parameters, and movement-related
artifacts identiﬁed by ART; see the earlier description), as well
as the BOLD time series within the subject-speciﬁc white matter and cerebrospinal ﬂuid masks, were used as temporal covariates and were removed using linear regression (please note
that the “CompCor” method of noise reduction implemented in
the CONN-toolbox does not use global signal regression). The
resulting residual BOLD time series were then band-pass
ﬁltered (0.01 < f < 0.1 Hz) (Whitﬁeld-Gabrieli and NietoCastanon 2012).
To analyze resting-state functional connectivity, we applied
the “seed-to-voxel” approach. Four spheres (radius 10 mm)
were centered on connectivity peaks reported by Fox et al.
(2005). These 4 peaks were localized in the MPFC, the PCC, as
well as in the right and left lateral parietal cortices (RLP and
LLP, respectively). Correlation maps were produced by extracting the BOLD time course from a given seed region and computing bivariate correlation coefﬁcients between that time
course and the time course from every other voxel in the brain.
As a result, we obtained a voxel-wise map of z-score coefﬁcients (Fisher-transformed correlation coefﬁcients) for each
seed region and for each participant.
These maps were then entered into the random-effects analysis (one-way ANOVA), with “seed region” as a single factor at
4 levels: MPFC, PCC, RLP, and LLP. Maps of positive functional
connectivity for each seed region were computed as linear contrasts, with “1” for a given seed region and “0” for all other seed
regions. Finally, DMN was identiﬁed using a conservative conjunction procedure; voxels were included in the DMN mask
only if they showed signiﬁcant positive correlations for all 4
seed regions (Fox et al. 2005). The resulting map of DMN functional connectivity (P < 0.001 uncorrected; ke > 5 voxels) was
superimposed on the mean MRI generated from the standardized anatomical MRIs of the 26 participants, and overlaid
with BOLD-adaptation responses selective to conceptual selfawareness.

analyzing the data from the visibility test, which was performed immediately after the fMRI sessions while the participants were still laying inside the scanner. To that end, we
calculated sensitivity indexes, d′ (Wickens 2002), separately for
masked (mean = 0.5; standard error of the mean [SEM] = 0.22;
median = 0.48; ﬁrst quartile = 0; third quartile = 1.25) and
unmasked primes (mean = 4.5; SEM = 0.52; median = 3.46; ﬁrst
quartile = 2.48; third quartile = 6.03) (Fig. 1B). We found that the
d′ for unmasked primes was signiﬁcantly higher than chance
level (P < 0.0005; one-sample Wilcoxon signed-rank test), and
so was the d′ for masked primes (t25 = 2.24; P = 0.034; onesample t-test, two-tailed). We also found that participants were
signiﬁcantly worse at discriminating masked than unmasked
primes (P < 0.0005; related-samples Wilcoxon signed-rank test).
Taken together, these results suggest that our procedure was
highly effective in manipulating conscious awareness, even if
we cannot prove that the masked primes were processed completely unconsciously based on the very conservative criterion
of chance-level behavior (i.e., d′ being not signiﬁcantly higher
than chance level).
It should be emphasized that with respect to the aims of
the present study, it is most important to demonstrate that
priming in the SU condition was unconscious; the status of
priming in the OU condition is less relevant because our main
goal was to dissociate conceptual self-awareness from perceptual awareness and unaware self-processing. By deﬁnition,
d′ is a joint measure of discrimination sensitivity between 2
types of stimuli (Wickens 2002), whereas hit rates can be
extracted from one type of stimulus alone. Thus, to provide
more direct evidence on priming in the SU condition, we analyzed the hit rate for self-related masked primes (again using
data from the visibility session). We found that this hit rate
was very close to chance level (mean = 48.9%; SEM ±4.8%;
Supplementary Fig. 1A) and that it did not differ signiﬁcantly
from chance level (t25 = −0.23; P = 0.82; one-sample t-test, twotailed). This result suggests that correct recognition of masked
self-related primes in a forced-choice visibility task was very
difﬁcult and, therefore, that priming in the SU condition during
the fMRI-BOLD-adaptation session was largely independent of
conscious awareness.
To further corroborate that the priming effect in SU was
unrelated to conscious awareness, we ran an additional regression analysis with the degree of priming in the SU condition as
an outcome variable (BOLD-adaptation session) and hit rate for
masked self-related primes as a predictor (visibility test). This
predictor was centered on the 50% value (chance level) to make
the intercept meaningful with respect to unconscious processing. The outcome and the predictor variables consisted of single average values calculated for each participant. We reasoned
that if the intercept in this model was signiﬁcantly above zero,
this would suggest that there was signiﬁcant priming in the
SU condition even when recognition accuracy was exactly at
chance level; such a result would demonstrate that priming in
the SU condition cannot be explained by conscious perception
of self-related primes (Greenwald et al. 1996). Indeed, we found
that the intercept was above zero (b0 = 32.3 ms; SEM ± 6.6 ms;
t25 = 4.9; P < 0.005; Supplementary Fig. 1B), which, together with
the results presented above, suggests that the SU condition
was associated with genuinely unconscious self-related information processing.
We next turned to behavioral data collected speciﬁcally during the fMRI-BOLD-adaptation sessions. Accuracy of responses
was very high; it ranged between 95% and 98% for target stimuli
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Functional magnetic resonance imaging
We ﬁrst looked for the neural responses related to conceptual
self-awareness, operationalized as brain regions showing higher
BOLD adaptation in the self compared with the other condition,
speciﬁcally in the aware context (“person” × “awareness” interaction). Such a pattern was present in the medial frontopolar
prefrontal cortex and retrosplenial cortex in the cingulate gyrus,
as well as in the left hippocampus and bilateral temporal poles
(Pscorrected < 0.05; Figs 2A and 3; Table 1; Supplementary Table 1).
The neural responses related to perceptual awareness, in
contrast, were operationalized as regions showing higher BOLD
adaptation in the aware than in the unaware context, regardless of self- or other-related content (main effect of “awareness”). This pattern was found in the lateral fronto-parietal
cortex, most notably in the left supramarginal gyrus and cortices lining the left intraparietal and the left precentral sulci;
such responses were also present in the left fusiform gyrus and
the superior frontal gyrus (Pscorrected < 0.05; Fig. 2B; Table 1;
Supplementary Table 1).
Next, we investigated neural responses that reﬂected unconscious self-speciﬁc processes. Such processes should be
engaged irrespectively of whether the participant becomes
aware of the stimulus or not, and hence correspond to the
main effect of “self” in our factorial design. We found this pattern of responses in the anterior part of the left inferior temporal sulcus (x = −45; y = −7; z = −29; Pcorrected < 0.05; Fig. 2C;
Table 1; Supplementary Table 1). Unaware self-processing was
also related to more widespread neural responses in the inferior temporal and occipital cortices (Fig. 2C; Supplementary
Table 1); however, these clusters did not surpass the correction

Figure 2. Results of fMRI analysis. Brain regions related to (A) conceptual self-awareness, (B) perceptual awareness, (C) unaware processing of self-related information,
and (D) unaware processing of all types of stimuli. Areas showing signiﬁcant BOLD-adaptation effects are highlighted in red (peaks P < 0.05 corrected; cluster maps
thresholded at P < 0.001, uncorrected for display purposes) and superimposed on an “inﬂated” MNI template brain. The bar plots show the BOLD-adaptation effect
size (incongruent > congruent trials) and they are added for purely descriptive purposes; error bars denote standard errors. FG, fusiform gyrus; HI, hippocampus; IPS,
intraparietal sulcus; IT, inferior temporal cortex; MFP, medial frontal pole; PCS, precentral sulcus; PH, parahippocampal gyrus; RSC, retrosplenial cortex; SMA, supplementary motor area; TP, temporal pole.
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in all trial types. The reaction time (RT) data analysis began by
calculating priming coefﬁcients (RTincongruent – RTcongruent) separately for each experimental condition: SU, OU, SA, and OA.
To test whether stimuli repetition was related to an expected
facilitation in RTs (i.e., behavioral priming), we performed a series of one-sample t-tests (two-tailed) against zero, separately
for each condition. We found signiﬁcant priming effects for the
SU (mean = 31.6 ms; SEM = 7 ms; t25 = 4.49; P < 0.0005), the SA
(mean = 99 ms; SEM = 10 ms; t25 = 9.59; P < 0.0005), and the OA
(mean = 60 ms; SEM = 9 ms; t25 = 6.79; P < 0.0005) conditions,
but not for the OU condition (mean = 0 ms; SEM = 6 ms;
t25 = 0.01; P = 0.99). To test whether the degree of priming
differed between conditions, priming coefﬁcients from each
participant were entered into the repeated-measures ANOVA
with “awareness” (aware vs. unaware) and “person” (self vs.
other) as the factors. This analysis showed the main effect of
“awareness” (F1,25 = 55.36; P < 0.0005; ηp2 = 0.69) and the main
effect of “person” (F1, 25 = 16.16; P < 0.0005; ηp2 = 0.39) but no
interaction effect (F1, 25 = 0.33; P = 0.57; ηp2 = 0.013). Post hoc
paired t-tests (two-tailed) showed that priming was 1) stronger
(P < 0.0005) in the aware context (mean = 80 ms; SEM = 8 ms)
than in the unaware context (mean = 16 ms; SEM = 4 ms) and 2)
stronger (P < 0.0005) for self-related information (mean = 65 ms;
SEM = 6 ms) than for other-related information (mean = 30 ms;
SEM = 7 ms).
In sum, our behavioral results from the visibility test and
scanning sessions conﬁrmed that the experimental manipulations worked as expected. That is, the masking procedure was
highly effective in manipulating the level of awareness (Fig. 1B)
and the congruency of stimulus pairs (self or other) led to a typical facilitation of RTs (Fig. 1C).
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results suggest that the key nodes of DMN are shared with the
“conceptual self-awareness network.”

Discussion

ceptual self-awareness. The peak activations from the interaction contrast (also
shown in Fig. 2A) are here superimposed on a mean MRI generated from the
standardized anatomical MRIs of the 26 participants. As can be seen, the peaks
(indicted by the crossing of the blue lines) are located in (A) the medial frontopolar prefrontal cortex, (B) the hippocampus, and (C) the retrosplenial cortex.
Voxels showing a signiﬁcant BOLD-adaptation effect are highlighted in yellow
(peaks P < 0.05 corrected; cluster maps thresholded at P < 0.001, uncorrected for
display purposes).

for multiple comparisons in the whole-brain space and they lay
outside our a priori deﬁned small volumes of interest.
In a complementary descriptive approach, we also examined the simple SU − OU contrast. We observed a BOLDadaptation peak in the exact same area of the inferior temporal
sulcus (x = −45; y = −7; z = −29; Puncorrected = 0.001) as we
observed for the main effect of “self” (Supplementary Table 1).
The same result obtained in a different analysis further supports that the anterior part of the left inferior temporal cortex
was involved in the unaware processing of self-related visual
information.
Finally, we identiﬁed brain responses related to unaware
processing of all types of stimuli, that is, brain regions where
the degree of BOLD adaptation was similar in all conditions
and thus independent of self-relevance or awareness. This pattern was found in the posterior part of the left fusiform gyrus
in the occipital lobe and in the middle part of the cingulate
gyrus (Pscorrected < 0.05; Fig. 2D; Table 1; Supplementary
Table 1). The occipital region is likely to be related to basic perceptual analysis of the visual stimulus, which occurs before
conscious access (Dehaene et al. 2006).
Our additional analysis of the resting-state data showed
that BOLD-adaptation effects associated with conceptual selfawareness considerably overlapped with DMN in the medial
frontopolar cortex and in the retrosplenial cortex (Fig. 4). These
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Figure 3. Anatomical localization of BOLD-adaptation responses related to con-

The aim of this study was to dissociate the neural correlates of
conceptual self-awareness from the neural correlates of perceptual awareness and unaware self-processing, using controlled procedures to manipulate the conscious awareness of
self- versus other-related stimuli. Our main ﬁnding is that the
aware processing of self-related stimuli involves selective
neural responses in the medial frontopolar prefrontal cortex,
retrosplenial cortex, and medial temporal cortices.
The observation that medial frontopolar cortex contains a
conscious representation of self-relevant conceptual information is especially interesting. This region corresponds to the
most anterior part of the prefrontal cortex (area 10), which is an
area that is particularly developed in humans (Semendeferi
et al. 2001). Although little is known about its cognitive functions, neuroimaging studies have associated activation of the
frontopolar prefrontal cortex to the coordination of internal
and external information processing (Burgess et al. 2007), the
combination of 2 or more cognitive processes to guide complex
behaviors (Koechlin et al. 1999; Ramnani and Owen 2004), and
counterfactual and exploratory decision-making (Rushworth
et al. 2011). More speciﬁcally, the medial part of the frontal pole
(frontopolar area 2; Bludau et al. 2013) has been implicated in
social cognitive and self-referential tasks, such as assigning
personal signiﬁcance to self-related contents (D’Argembeau
et al. 2012), evaluation of self-generated decisions (Tsujimoto
et al. 2010), episodic memory recall (Daselaar et al. 2008), and
“theory of mind” (Amodio and Frith 2006); this area is also part
of DMN (see further below). Our data demonstrating that neuronal populations in the medial frontopolar cortex show selectivity for self-relevant conceptual information in the context of
awareness could explain the involvement of this region in a
wide range of social cognitive and self-referential paradigms;
tasks that all heavily depend on conscious access to selfconcept. We speculate that in the course of human evolution a
rich conceptual representation of the self developed in the frontopolar prefrontal cortex in response to increasing demands to
generate complex social behaviors, requiring the abilities to
consciously self-reﬂect, such as when we recall and reﬂect upon
important life events from our past or when we contemplate
about our future at the time of critical behavioral decisions.
Conceptual self-awareness in our fMRI data was also associated with selective neural representations in the retrosplenial
cortex, the hippocampus, and the temporal pole cortex. The
hippocampus and the temporal pole are anatomically connected with the medial frontopolar prefrontal cortex (Neubert
et al. 2015), and these temporal regions are also directly connected with the retrosplenial cortex in the posterior cingulate
gyrus (Kravitz et al. 2011). Thus, these structures are likely to
work in concert to support awareness of the conceptual self.
The retrosplenial cortex and the hippocampus have previously
been associated with cognitive functions such as autobiographical episodic memory (Nyberg et al. 1996; Bergouignan
et al. 2014), declarative memory (Squire and Zola 1996;
Eichenbaum 2000), spatial memory (Bird and Burgess 2008),
spatial navigation (Maguire et al. 1998; Doeller et al. 2010), sense
of bodily self-location (Guterstam et al. 2015b); and the temporal
polar cortex has been implicated in semantic memory and social
cognitive processes (Maguire et al. 2000; Olson et al. 2007). The
common denominator in these tasks is the self-centric nature
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the same group of participants. The overlap is present especially in the medial prefrontal and posterior cingulate regions (marked in yellow). The cluster map thresholds are P < 0.001 (uncorrected) and are superimposed on axial and sagittal slices of a mean MRI generated from the standardized anatomical MRIs of the 26
participants.

of perceptual, spatial, or semantic information that builds up
multilevel and multisensory constructs of the self. The fact that
areas previously implicated in declarative and autobiographical
memory contain neuronal populations with high selectivity for
aware processing of self-relevant conceptual information is consistent with the fact that people have more conceptual and factual knowledge about themselves than about any other person,
and that this kind of memory requires conscious awareness for
recall and verbal report.
The conceptual self-awareness network from our study
overlapped with DMN (Raichle et al. 2001; Buckner et al. 2008)
in the medial frontopolar and retrosplenial cortices (Fig. 4).
The link between DMN and self-processing has been proposed
previously (Gusnard et al. 2001; D’Argembeau et al. 2005;
Buckner et al. 2008; Qin and Northoff 2011; Whitﬁeld-Gabrieli

et al. 2011); however, experimental evidence, as is presented
here, where awareness is explicitly manipulated, has been
lacking. DMN shows strong functional connectivity during
“rest,” a situation in which participants are likely to be
engaged in introspective thoughts. But it is unclear to what
extent activity seen during an uncontrolled condition such
as “rest” reﬂects self-consciousness per se (Konishi and
Smallwood 2016). Furthermore, it has been shown that the
DMN’s resting-state connectivity is preserved even in the
absence of self-awareness, for example, in monkeys under
general anesthesia (Vincent et al. 2007). Moreover, the involvement of DMN regions has been linked to domains that
are not directly related to the awareness of self-related conceptual information, for example, spatial navigation (Doeller
et al. 2010) or the sense of bodily self-location (Guterstam
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Figure 4. Overlap between the “conceptual self-awareness network” and the “DMN”. Neural responses selective for conceptual self-awareness (SA; marked in green)
are based on the BOLD-adaptation analysis. A map of DMN’s functional connectivity (marked in red) is based on resting-state data that were collected separately for
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We also found that the SA condition was associated with
increased BOLD adaptation both in the medial prefrontocingulate-temporal network and in the lateral fronto-parietal
network (Fig. 2A,B); it was the pattern of responses in the
remaining conditions that distinguished between activity proﬁles of these 2 networks rather than the degree of SA-related
BOLD adaptation per se. In other words, conceptual selfawareness in our paradigm engaged neural populations in both
the lateral and the medial networks while perceptual awareness only engaged the lateral network. This makes sense
because, in order to become aware of the conceptual meaning
of autobiographical stimuli (names, date of birth, nationality
codes), one must ﬁrst be able to consciously see the presented
letters and words, which requires perceptual awareness. In
apparent contrast to this ﬁnding, previous resting-state studies
reported an anticorrelated pattern of activity between these
medial and lateral networks, which was interpreted in terms of
an ongoing competition between internally and externally
oriented mental processes over limited capacity of cognitive
resources (Fox et al. 2005; Fransson 2005; Boly et al. 2007;
Vanhaudenhuyse et al. 2011). The current ﬁndings show an
important exception from this competition-based interpretation and suggest that the “DMN” and the “task-positive network” (TPN) could be activated simultaneously in situations
when conceptual self-awareness is triggered by external selfrelevant stimuli (for additional examples of situations in which
the competition between DMN and TPN is diminished, see
Wotruba et al. 2013; Dixon et al. 2014; Spreng et al. 2014;
Konishi et al. 2015; Vatansever et al. 2015; Krieger-Redwood
et al. 2016).
Additionally, our ﬁndings are relevant to the ongoing debate
about the role of familiarity in the preferential processing of
self-relevant information. Self-related information is by its very
nature familiar; and therefore, a general concern in this literature is that effects attributed to self-processing might in fact be
explained simply by familiarity (Qin et al. 2012; Sui et al. 2012;
Tacikowski et al. 2013; Humphreys and Sui 2016). Our results
are more protected against this concern because in our factorial
design aware self-processing was always compared with
another “self” condition, when contrasting the masked and
unmasked trials, and not only to the unfamiliar “other” condition. This means that familiarity was matched in the key contrast identifying BOLD-adaptation responses selective for
conscious processing of self-related conceptual information.
However, according to this line of reasoning we cannot rule out
that familiarity could have contributed to neural responses in
the inferior temporal cortex reﬂecting the main effect of “self.”
More studies are needed to see whether it is possible to further
disambiguate neural responses that reﬂect self-relevance and
semantic familiarity. In the meantime, our ﬁndings clearly indicate that either way, conscious processing of self-relevant
conceptual information is associated with selective neural
responses in the medial frontopolar, posterior cingulate, and
medial temporal brain areas.
When looking at the bar plots in Figure 2A, a critical reader
might ask whether the interaction effect in the medial frontopolar region could not have been driven, at least in part, by a
reversed BOLD-adaptation effect or “repetition enhancement”
(Segaert et al. 2013) present in the SU and OA conditions.
However, neither the SU < 0 nor the OA < 0 contrasts showed
any signiﬁcant activations in the “conceptual self-awareness
network” (Puncorrected < 0.001) when we examined this issue in a
purely descriptive post hoc analysis. In turn, the SA > 0 contrast overlapped with the “conceptual self-awareness network”

Downloaded from http://cercor.oxfordjournals.org/ at :: on January 24, 2017

et al. 2015b). Thus, the present results should be particularly
valuable for the ongoing discussion about the link between
DMN and the self (Davey et al. 2016; Northoff 2016). From a
broader perspective, the existing evidence suggests that DMN
is a multifaceted system that is involved in a variety of functions; our study suggests that key nodes of DMN are not associated with the processing of self-relevant content generally
but instead are associated selectively with the conscious processing of self-relevant information.
In the anterior part of the inferior temporal cortex, we
identiﬁed self-selective responses that did not depend on
awareness (Fig. 2C). This result suggests that self-related information is processed preferentially already at early stages of
information processing. Our interpretation is that, owing to the
high salience and familiarity of self-related stimuli (Sui et al.
2012; Sui and Humphreys 2015), the brain automatically detects
these stimuli even before they enter awareness. The sound of
one’s own name, for example, usually signals an important
event, for example, a warning, a reward, or a social interaction.
Thus, through associative learning, one’s own name begins to
be prioritized over less behaviorally relevant stimuli. As this
mechanism is strengthened by life-long experience, the reaction to one’s own name becomes fast, involuntary, and
unaware (Bargh 1982; Schneider and Chein 2003). It has been
shown that the processing of biologically important stimuli
(e.g., faces, emotional stimuli) involves highly specialized
brain modules and that this processing does not require
awareness (Whalen et al. 1998; Kouider et al. 2009). We believe
that certain aspects of self-related processing involve similar
specialized and unaware mechanisms. Such unconscious
self-biases could play an important role in implicit social cognition, as with ingroup–outgroup discrimination or stereotypes (Greenwald et al. 2002). To the best of our knowledge,
our ﬁndings provide the ﬁrst evidence that the neural
representation of self-related information has 2 levels. One is
the higher level, which is accessed consciously and involves
the medial frontopolar prefrontal, medial temporal, and retrosplenial cortices; and the second one is the lower level, which
is automatically accessed without awareness and involves
more posterior sensory areas.
Furthermore, we found a clear distinction between BOLDadaptation responses in the “conceptual self-awareness network” and the “perceptual awareness network.” As mentioned
earlier, the “Global Neuronal Workspace” theory proposes that
consciousness is associated with the broadcasting of information within a large network of fronto-parietal regions (Dehaene
et al. 2006; Dehaene and Changeux 2011). Our ﬁndings are generally consistent with this view; importantly, however, they go
further to indicate that conceptual self-awareness and perceptual awareness correspond to very different states of this workspace, or even that these 2 types of awareness engage separate
workspaces (Fox et al. 2005; Boly et al. 2007; Vanhaudenhuyse
et al. 2011). The neuroanatomical dissociation that we observed
could explain a number of functional dissociations, for example,
that perceptual awareness and conceptual self-awareness
emerge at different times in the child’s development (Zelazo
2004); that being focused on the self often makes people less
attentive to the external environment, and vice versa (Dixon
et al. 2014); or that in disorders like autism, self-awareness is
more impaired than perceptual awareness (Frith and Happé
1994). In general, our results show that conceptual selfawareness and perceptual awareness have different neural correlates, suggesting that these 2 types of consciousness are
partly independent.
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the neural correlates of conscious awareness are not conﬁned
to the lateral fronto-parietal network but extend to speciﬁc
medial prefronto-cingulate-temporal regions when the content of information refers to self-concept. Together, our study
opens up a new venue of research aiming to reveal the neurocognitive architecture of the human self-representation and
self-awareness using well-controlled behavioral manipulations. Crucially, identifying the neural substrate of selfawareness in the healthy brain has strong bearings on clinical
research into psychiatric and neurological disorders, where the
sense of self is impaired, for example, in schizophrenia,
depression, autism, or in personality disorders.
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in all key brain regions (Puncorrected < 0.001). Thus, there is no
evidence in our data to support the notion that the interaction
effect was driven by repetition enhancement in the SU or OA
conditions, but there is evidence suggesting that this interaction was driven by the actual BOLD-adaptation effect in the
SA condition. It should also be noted that the statistical inference in this study is made at the level of the interaction term
and that no further conclusions should be based on the plotted
effect sizes, which were included for purely descriptive purposes. It is well known that in fast event-related designs without null events, such as our design, there might be high
variability from baseline associated with the estimate of each
event type on its own, even if there is low variability for the
estimate of the differences (Henson 2006); we are basing our
statistical inferences upon the latter. Thus, the bar plots in
Figure 2 should be interpreted with great caution; as was noted,
they were added for illustrative purposes only.
With regard to generalization of our ﬁndings, selfconsciousness is a broad term that is used to describe a prereﬂective feeling of being a subject of conscious experience (“I”),
as well as a mental state in which the content of one’s consciousness refers to own behavior, mental states, or selfknowledge (“me”). Being an “active perceiver” is intimately
linked to the body; felt as one’s own, occupying a given location
in space, seen from the ﬁrst person perspective, and experienced through interoception. The feeling of ownership of one’s
body has been related to mechanisms of multisensory integration in the premotor and posterior parietal cortices (Ehrsson
et al. 2004; Petkova et al. 2011; Ehrsson 2012; Blanke et al. 2015),
the sense of bodily self-location to the PCC (Guterstam et al.
2015a, 2015b), and bodily self-consciousness to the temporoparietal junction (Ionta et al. 2011; Blanke 2012); although these
studies did not explicitly manipulate the level of awareness.
Furthermore, interoceptive awareness has been linked to
neural responses in the insular cortex (Critchley et al. 2004;
Craig 2011). Both in terms of operationalization and principal
ﬁndings, our study clearly diverges from these previous studies
investigating bodily-spatial experiences of the self; we focused
on higher order cognitive aspects of self-awareness. The location of neural responses showing selectivity for conceptual selfawareness in the present study seems to overlap with brain
activity observed during autobiographical memory retrieval
(Cabeza and St Jacques 2007), self-reﬂection (Johnson et al.
2002; Murray et al. 2012), and meta-awareness (Schooler et al.
2011); the latter is a special case of self-awareness, where the
aspect of self that one becomes aware of is one’s own mental
states (Schooler 2002). Taken together, the neural underpinnings of self-consciousness seem to have at least 2 basic features, the bodily-spatial one and the cognitive-conceptual one,
that generally correspond to the two main components of the
human self characterized by William James; the “I” and the
“me” (James 1890; Damasio 2010).
In sum, using the BOLD-adaptation approach and the visual
masking paradigm, for the ﬁrst time we could pinpoint the
neural basis of conceptual self-awareness to the medial
frontopolar-retrosplenial areas and show that it is neuroanatomically distinct from the lateral fronto-parietal network that
mediates perceptual awareness and from the inferior temporal
cortex related to the unaware processing of self-relevant information. These novel ﬁndings suggest that 1) the neural
representation of the human self-concept has a hierarchical
structure, with separate conscious and unconscious components; 2) that the brain automatically detects semantic selfrelated stimuli even before they enter awareness; and 3) that
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1

Supplementary Figure S1. Additional evidence that the SU condition was
associated with unconscious processing. (A) In the forced-choice visibility test
recognition of masked self-related primes was very close to chance-level (dashed line)
and it did not differ significantly from chance-level. The bar plot represents the mean
hit-rate from the whole group of 26 participants ± SEM. (B) We used simple linear
regression to predict the degree of priming in the self-unaware condition during
fMRI-BOLD-adaptation session (y-axis) based on hit-rates for masked self-related
primes in the visibility test (x-axis). Each dot represents one participant and the line
represents the best fit using the least squares approach. We found that the model’s
intercept was significantly above zero, which indicates that priming was present even
when visibility was at chance-level. This result suggests that priming in the SU
condition cannot be explained simply by the conscious perception of self-related
primes.

2

Supplementary Table S1. Additional descriptive fMRI results (for significant results see
Table 1).
Conceptual self-awareness
R. posterior orbital gyrus
R. hippocampus
Perceptual awareness
R. calcarine sulcus (striate cortex)
R. superior frontal gyrus (pre-SMA)
L. lingual sulcus
L. superior temporal sulcus
R. supramarginal gyrus
R. superior frontal gyrus
L. cerebellum
L. middle frontal gyrus
R. claustrum
R. cerebellum
R. inferior parietal gyrus
Self-unaware
R. collateral sulcus
L. fusiform gyrus (T4)
R. superior temporal sulcus
R. postcentral gyrus
L. superior parietal gyrus
L. precentral gyrus
L. inferior temporal gyrus (T3)
L. cingulate gyrus
Perceptual-unaware
R. superior parietal gyrus
R. inferior frontal gyrus
R. intraparietal sulcus
R. cerebellum
L. superior parietal gyrus
L. superior parietal gyrus
R. intraparietal sulcus
R. superior temporal sulcus
R. superior frontal gyrus
R. fusiform gyrus
R. inferior lingual gyrus
L. cingulate gyrus
SU > OU
L. inferior temporal sulcus, anterior part

x

y

z

t-val.

vox.

p-val.

33
20

36
-9

-8
-11

3.78
3.40

69
40

0.0001
0.0005

24
17
-26
-48
68
29
-15
-29
27
12
42

-68
14
-53
-32
-42
-15
-47
5
18
-63
-51

7
48
-2
-9
27
54
-24
51
3
-27
41

4.53
4.19
4.03
3.92
3.73
3.69
3.56
3.51
3.49
3.39
3.35

90
59
23
166
19
31
26
17
12
18
12

0.0000
0.0000
0.0001
0.0001
0.0002
0.0002
0.0003
0.0003
0.0004
0.0005
0.0006

38
-42
48
27
-20
-30
-48
-9

-21
-38
-9
-42
-78
2
-71
-18

-23
-20
-24
66
50
38
-15
36

4.16
4.08
4.08
3.79
3.68
3.60
3.54
3.40

79
105
33
155
33
14
75
35

0.0000
0.0000
0.0000
0.0001
0.0002
0.0003
0.0003
0.0005

9
48
23
15
-9
-12
36
53
14
33
-21
-12

-69
24
-60
-42
-72
-81
-78
2
48
-42
-65
-45

42
9
39
-32
33
47
36
-21
50
-20
24
41

3.66
3.65
3.65
3.64
3.62
3.60
3.58
3.56
3.54
3.51
3.46
3.41

126
129
125
93
21
39
65
44
16
41
36
35

0.0002
0.0002
0.0002
0.0002
0.0002
0.0003
0.0003
0.0003
0.0003
0.0003
0.0004
0.0005

-45

-7

-29

3.12

31

0.0012

All brain regions (peaks) with significant activation at p < 0.001 (uncorrected) and k > 10
voxels are listed for purely descriptive purposes. For the significant activations that are the

3

basis of the conclusions of this study, see Table 1. Labels of functional regions provided in
brackets follow labels of anatomical regions. Abbreviations: SMA – supplementary motor
area. For details on how “conceptual self-awareness”, “perceptual-awareness”, etc., were
operationalized, see the “fMRI second-level data analysis” section in the main text.
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