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a b s t r a c t

Recent studies have demonstrated an overlap between the neural substrate of resting-state activity and
self-related processing in the cortical midline structures (CMS). However, the neural and psychological
mechanisms mediating this so-called “rest-self overlap” remain unclear. To investigate the neural me-
chanisms, we estimated the temporal structure of spontaneous/resting-state activity, e.g. its long-range
temporal correlations or self-affinity across time as indexed by the power-law exponent (PLE). The PLE
was obtained in resting-state activity in the medial prefrontal cortex (MPFC) and the posterior cingulate
cortex (PCC) in 47 healthy subjects by functional magnetic resonance imaging (fMRI). We performed
correlation analyses of the PLE and Revised Self-Consciousness Scale (SCSR) scores, which enabled us to
access different dimensions of self-consciousness and specified rest-self overlap in a psychological re-
gard. The PLE in the MPFC's resting-state activity correlated with private self-consciousness scores from
the SCSR. Conversely, we found no correlation between the PLE and the other subscales of the SCSR
(public, social) or between other resting-state measures, including functional connectivity, and the SCSR
subscales. This is the first evidence for the association between the scale-free dynamics of resting-state
activity in the CMS and the private dimension of self-consciousness. This finding implies the relationship
of especially the private dimension of self with the temporal structure of resting-state activity.

& 2016 Elsevier Ltd. All rights reserved.
1. Introduction

A number of studies have shown that cortical midline struc-
tures (CMS) are important in self-related processing (Gillihan and
Farah, 2005; Legrand and Ruby, 2009; Northoff and Bermpohl,
2004; Kelley et al., 2002; Northoff et al., 2006; Van der Meer et al.,
2010). Interestingly, two key regions in the CMS, the medial pre-
frontal cortex (MPFC) and the posterior cingulate cortex (PCC),
were shown to highly overlap with the default-mode network
(DMN) with particularly high levels of spontaneous activity and
functional connectivity during resting-state activity (Boly et al.,
2008; Christoff et al., 2003; Golland et al., 2007; Gusnard and
25
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Raichle, 2001; Wicker et al., 2003; Raichle et al., 2001; Schneider
et al., 2008). Furthermore, studies have shown that regions in-
volved in resting-state activity and self-related processing are
spatially overlapped in the CMS at regional levels (D’Argembeau
et al., 2005; Gusnard and Raichle, 2001; Schneider et al., 2008; Qin
and Northoff, 2011; Whitfield-Gabrieli et al., 2011), as well as at
cellular levels (Lipsman et al., 2014), and have recently been de-
scribed as “rest-self overlap” (Bai et al., 2015). Therefore, high
resting-state activity may correspond to continuous self-related
processing even in the absence of specific stimuli or tasks
(Schneider et al., 2008). Supporting this view, studies have in-
dicated the association between resting-state activity and self-re-
lated processing that is beyond the regional overlap of the two.
Specifically, in one study, different degrees of self-relatedness of
pictures displayed to subjects have been shown to parametrically
modulate subsequent resting-state signal changes in CMS regions
including the MPFC and PCC (Schneider et al., 2008). In another
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study, evoked brain activity by self-referential stimuli has been
shown to positively correlate with the amplitude of low-frequency
fluctuations in resting-state activity within the CMS (Huang et al.,
2014). Finally, a recent study revealed that the ascription of high or
low self-relatedness to emotional pictures correlates with the level
of pre-stimulus activity (Bai et al., 2015). However, the exact
neuronal features of resting-state activity that are linked with self-
related processing, and which might account for the rest-self
overlap, remain unclear.

Experimentally, self-related processing is usually tested by
applying self- versus non-self-related stimuli, which have been
shown to induce differential degrees of neural activity, referred to
as stimulus-induced or task-evoked activity (Kelley et al., 2002;
Schneider et al., 2008; Modinos et al., 2011). While stimulus-in-
duced activity can be investigated for its neural overlap with
resting-state activity, another approach would be to test for psy-
chological measures of self-relatedness, and to correlate themwith
resting-state activity. We took the latter approach, using the well-
established Self-Consciousness Scale (SCS) (Fenigstein et al., 1975;
Abe et al., 1996) to investigate the self in three proposed dimen-
sions (private, public and social), which have not been taken into
consideration in task-based paradigm. Items in the private self-
consciousness subscale focus on self-related thoughts and reflec-
tions, and therefore expected to be most relevant to this study; the
public self-consciousness subscale targets self as a social object
(Fenigstein et al., 1975); the social anxiety subscale indicates how
much discomfort one feels when others are present (Abe et al.,
1996). While the SCS has been widely used in psychology studies,
specifically with respect to its relation to personality and beha-
viour (Fenigstein et al., 1975; Fenigstein, 1987), the relationship
between the dimensions of self-consciousness, especially private
self-consciousness, and the brain's spontaneous or resting-state
activity remains to be studied. The concept of self is often char-
acterized as including different components, such as physical,
mental, and public-social components (Damasio, 2010; Fingelkurts
and Fingelkurts, 2011). We take the mental component to refer to
the private experience of a self, or an inner sense of self, while its
public and social aspects concern its relationship to others and the
environment. Most paradigms applying self-related stimuli, such
as one’s own name or trait adjectives, target specifically this pri-
vate component (Kelley et al., 2002; Schneider et al., 2008; Mod-
inos et al., 2011). Since these self-related stimuli result in activity
in the cortical midline structures, one would expect resting-state
measures in these regions to be specifically related to private ra-
ther than public or social dimension of SCSR.

Furthermore, a central feature of the self is its continuity across
time (Klein, 2014). This continuity may be in some way related to
analogous temporal continuity in the spontaneous brain activity,
which can be characterized, for instance, by its scale-free dy-
namics. Scale-free dynamics, indicated by the power spectrum
with the formula Pα1/fβ, are widely observed in nature (Abraham,
1994; Goldberger et al., 2002). Scale-free properties index long-
range temporal correlations (Palva et al., 2013), which can be un-
derstood as self-affinity (Hardstone et al., 2012). Moreover, re-
cently, it has been argued that they are relevant in investigating
brain activity (Bullmore et al., 2001; He et al., 2010). Increasing
evidence has suggested that spontaneous brain activity can be
characterized by scale-free dynamics or power-law spectra: from
field potentials (Freeman and Zhai, 2009; Manning et al., 2009;
Miller et al., 2009; Milstein et al., 2009; He et al., 2010; Linken-
kaer-Hansen et al., 2001; Palva et al., 2013) to fMRI signals (He
et al., 2010; He, 2011; Huang et al., 2015). Moreover, changes in
scale-free brain activity have been shown among different brain
regions and between resting-state and task activation (He et al.,
2010). Changes have also been observed between awake and slow
wave sleep states (Zempel et al., 2012), through development
(Fransson et al., 2013), and in mental illnesses, such as anxiety
(Tolkunov et al., 2010), autism (Lai et al., 2010), as well as schi-
zophrenia (Rădulescu and Mujica-Parodi, 2014). Interestingly,
scale-free dynamics of spontaneous brain activity have been
linked with personality traits at a psychological level, e.g. extra-
version (Lei et al., 2013) and trait impulsivity (Hahn et al., 2012).
Taken together, these studies suggest that scale-free brain activity
may also be involved in the rest-self overlap, which was the main
target of this study.

The general aim of our study was to investigate the relationship
between scale-free brain activity and self-consciousness as in-
dexed by the Self-Consciousness Scale. For this purpose, we ob-
tained resting-state brain activity by fMRI in a large cohort of
healthy subjects (n¼47). Specifically, we first localized the MPFC
and PCC by resting-state functional connectivity analysis, and then
measured the scale-free dynamics of the two regions using a
power-law exponent calculation. Subjects were administered a
revised version of the Self-Consciousness Scale (SCSR) (Scheier and
Carver, 1985), which enabled us to investigate different dimen-
sions of self-consciousness using its subscales. Correlation analysis
was performed to associate the scale-free dynamics and self-
consciousness. In addition, we performed several confirmation
and control analyses: 1) we examined if our results were robust to
different smoothing parameters when calculating the power
spectrum of the BOLD signal; 2) we tested whether our results
were consistent for the first 3 and last 3 min, as the PLE may
change over time (Wink et al., 2008); 3) we confirmed our results
by using another well-established method for the investigation of
scale-free behaviour, namely detrended fluctuation analysis (DFA)
(Linkenkaer-Hansen et al., 2001, 2005; He, 2011); and 4) we cal-
culated other resting-state measures such as FC, regional homo-
geneity (ReHo), SD, and degree of centrality (DC) to explore the
specificity of the functional relevance of resting-state's self-affine
temporal structure (e.g. PLE) to self-consciousness.
2. Methods

2.1. Subjects

Forty seven right-handed subjects (26 females; ages 18–29)
were recruited in this study. None had a history of major psy-
chiatric or neurological disorders. Written informed consent was
obtained from each subject before the experiment. This study was
approved by the ethics committees at both the University of Ot-
tawa and the University of British Columbia. The data from one
subject was rejected due to consecutive excessive movement
during fMRI scanning.

2.2. The assessment of self-consciousness

Subjects were asked to evaluate sentences (22 in total, see
Supplementary material) of the Self-Consciousness Scale: A Re-
vised Version for Use with General Populations (SCSR) (Scheier
and Carver, 1985). The scale consists of three subscales: private
self-consciousness (9 sentences), public self-consciousness (7
sentences) and social anxiety (6 sentences). Private self-con-
sciousness scores indicate “the tendency to think about and attend
to the more covert, hidden aspects of self” (e.g. one's privately held
feelings); scores of public self-consciousness indicate “the ten-
dency to think about self-aspects that are matters of public dis-
play” (e.g. one’s overt behaviour); and social anxiety scores are
presumed to involve a certain kind of focus and reaction to public
self-consciousness (Scheier and Carver, 1985). The subjects were
asked to evaluate the sentences using a 4-point rating scale (e.g.,
0¼not at all like me, 3¼a lot like me). The score of each subscale
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was calculated according to the instructions of the SCSR (Scheier
and Carver, 1985).

2.3. fMRI data acquisition

A Philips Achieva 3T scanner with a standard head coil was
used to acquire gradient-echo EPI images of the whole brain (TR,
1.0 s; TE, 30 ms; 21 slices; slice thickness¼6 mm; spacing¼0; field
of view¼210 mm; flip angle¼76°; image matrix: 64�64; voxel
size: 3.28�3.28�6.00 mm3; number of fMRI frames: 360). Dur-
ing the 6 min resting-state fMRI scan, subjects were instructed to
relax, stay awake and keep their eyes closed. Eye-tracking during
fMRI was not available, but off-line post-scan recordings ensured
that subjects complied with these instructions. Time-locked car-
diac and respiratory signals were recorded. High-resolution ana-
tomical images were acquired at the end of the experiment. The
SCSR questionnaire was administered after the resting-state scan.
There was no other task in the scanner prior to resting-state data
acquisition.

2.4. Data pre-processing

Pre-processing steps were implemented in AFNI (Cox, 1996;
http://afni.nimh.nih.gov/afni). First, physiological noise correction
consisted of removal of time-locked cardiac and respiratory arte-
facts using RETROICOR (Glover et al., 2000). Subsequent steps in-
cluded: slice timing correction; rigid body correction/realignment
within and across runs; co-registration with high-resolution ana-
tomical images; spatial normalization into Talaraich stereotactic
space (Talairach et al., 1988); resampling to 3�3�3 mm3 voxels;
de-trending and regressing out the estimated six parameters of
head motion and mean time series from the white matter (WM)
and cerebrospinal fluid (CSF) by linear regression to control for
non-neural noise (Fox et al., 2005). The WM and CSF masks were
eroded by one voxel (Chai et al., 2012) to minimize partial vo-
luming with grey matter. The data was spatially smoothed with a
6 mm full-width at half-maximum isotropic Gaussian kernel.

2.5. Definition of regions of interest (ROIs)

According to our hypotheses, the scale-free dynamics of the
activity in two key regions in the CMS, the MPFC and PCC, were
expected to show a close relationship with self-consciousness.
Thus, we first localized the MPFC and PCC by a traditional resting-
state functional connectivity analysis (Fox et al., 2005, 2006;
Greicius et al., 2003, 2009; Laird et al., 2009; De Pasquale et al.,
2012), since the two regions have been shown to be highly con-
nected in the DMN (Fox et al., 2005; Greicius et al., 2003, 2009; De
Pasquale et al., 2012). Specifically, we used a seed region in the PCC
with 12 mm diameter (spherical) centerd on a previously pub-
lished focus (Talairach coordinates: [�4, �52, 22], Laird et al.,
2009). Next, voxel-wise FC maps were computed as maps of
temporal correlation coefficients between the BOLD time course in
each voxel and the BOLD time course averaged across voxels in the
seed region in the traditional frequency band (0.01–0.08 Hz)
(Biswal et al., 1995; Fox and Raichle, 2007; Zhang and Raichle,
2010). Contrast images were created for each subject then trans-
formed into Fisher's Z for second-level one-sample t-tests. The
group FC map of the MPFC and PCC was defined as voxels at
threshold po0.001 (corrected, cluster extent 4100 voxels) (Fox
et al., 2005, 2006; Greicius et al., 2003).

2.6. Calculation of power-law exponent

Scale-free dynamics are mathematically characterized by a
power spectrum following the formula P∝1/fβ, where P is power, f
is frequency, and β is called the “power-law exponent (PLE)”
(Bullmore et al., 2001). After pre-processing, the time course per
voxel was normalized to zero mean and unit variance (z-value)
(Stephens et al., 2013). As the variance is equal across all ROIs, all
spectra have the same integrated area. Using methods previously
optimized for fMRI (Rubin et al., 2013), the normalized power
spectrum of the fMRI signal was computed for each voxel using
AFNI program: 3dPeriodogram. The power spectrum of the BOLD
signal was further smoothed with a Hamming window of 15
neighbouring frequency bins. In the next step, the averaged power
spectra across voxels within each of the two ROIs, the MPFC and
PCC, were extracted for each subject. The power spectrum was
fitted with a power-law function P∝1/fβ using a least-square es-
timation (in a log frequency by log power plot) in the frequency
range of 0.01–0.2 Hz (Baria et al., 2013). Finally, the power-law
exponent, β, of each subject's ROI was defined as the slope of the
linear regression of log-power on log-frequency corresponding to
the straight-line regime.

2.7. Correlation between scale-free property and self-consciousness

To establish the association between scale-free dynamics and
self-consciousness, we performed partial correlation analyses
(subject-based) with a 95% confidence interval (CI) based on 1000
bootstrap samples between PLE and scores of each of the SCSR
self-consciousness subscales (private, public, and social anxiety).
Due to the inter-correlation between subscales observed in our
data (Supplementary Fig. 1) and a previous study (Scheier and
Carver, 1985), each partial correlation analysis (e.g. correlating PLE
and private) included the other two subscales as controlling fac-
tors (e.g. public and social). This yielded three correlations for each
region, i.e. PLE-private, PLE-public, PLE-social. A Bonferroni cor-
rection for multiple comparisons was performed across the above
six different correlations, such that only p values (before correc-
tion) below 0.0083 were considered as significant.

2.8. Control analysis

First, we were interested in the slope of the linear regression of
log-power on log-frequency of the power spectrum of the BOLD
signal (i.e. PLE) rather than the variations (or “noise”) between
neighbouring frequency bins. Thus, we applied additional
smoothing on the power spectrum to reduce this noise and to
improve linear fitting. As a result, however, it was also necessary to
examine whether different smoothing parameters impacted our
results. Thus, we compared the results by using different Ham-
ming window sizes (HW¼0, 3, 9, and 15).

Second, as scale-free dynamics are not necessarily stationary
and the PLE may change over time (Wink et al., 2008), we ex-
amined if our results are consistent between the first 3 and last
3 min.

Third, to avoid any bias in methods selection when in-
vestigating the scale-free behaviour, we re-calculated all above
correlations by using the Hurst exponent (H) instead of the PLE.
The H was calculated by a standard detrended fluctuation analysis
(DFA) (Linkenkaer-Hansen et al., 2001, 2005; He, 2011). Specifi-
cally, the DFA measures the scaling of the root-mean-square
fluctuation of the integrated and linearly detrended signals, F(Ƭ),
as a function of time window size, Ƭ. The fluctuation F(Ƭ) is of the
form F(Ƭ)¼ƬH, where H is the scaling exponent. Window sizes
from 5 to 180 fMRI frames were chosen, and the number of total
frames (360) is always an integer multiple of the window size.

Lastly, to explore the specificity of the functional relevance of
the resting-state’s self-affine temporal structure (as indexed by the
PLE) to self-consciousness, we used four other common resting-
state measures from the literature, including FC (Fox et al., 2005,

http://afni.nimh.nih.gov/afni
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2006; Greicius et al., 2003, 2009; Laird et al., 2009, De Pasquale
et al., 2012), regional homogeneity (ReHo) (Zang et al., 2004),
temporal variability (SD) (Garrett et al., 2010, 2011) and degree of
Fig. 1. A. The default-mode network was identified by resting-state functional connectiv
and PCC, were defined as regions of interest (ROIs). B. The procedure of calculating the
example voxels in the PCC; (b) power spectrum of the BOLD signal for each voxel; (c) The
(PLE) was defined as the slope of the linear regression of log-power on log-frequency co
MPFC and PCC. Different coloured lines represent individual subjects.
centrality (DC) (Buckner et al., 2009; Di Martino et al., 2013; Zuo
et al., 2012). Correlation analysis between these and the self-
consciousness scores was performed in the same way as described
ity analysis using the PCC as a seed region. Two cortical midline regions, the MPFC
power-law exponent (PLE) in a given ROI (e.g. PCC). (a) BOLD signals from three
power spectra were averaged across voxels in the PCC; (d) The power-law exponent
rresponding to the straight-line regime. C. The power spectra of all subjects in the
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above (see Supplementary Methods).
3. Results

3.1. The spatial patterns of the DMN

The spatial patterns of the DMN that we obtained are in
agreement with previous studies (Greicius et al., 2003; Fox et al.,
2005; Fransson, 2005; Dosenbach et al., 2007; Seeley et al., 2007;
Fox and Raichle, 2007; Mason et al., 2007), including the medial
prefrontal cortex (MPFC), the posterior cingulate cortex (PCC), the
bilateral temporo-parietal junction (TPJ) and the bilateral inferior
temporal gyrus (ITG) (Fig. 1A). Two of these regions located in the
CMS, the MPFC and PCC, are defined as our ROIs based on our
primary hypothesis about self-rest overlap.

3.2. The PLE values

The PLE values across subjects (n¼47) in the MPFC
(mean¼1.37; SD¼0.18) and PCC (mean¼1.34; SD¼0.17) (Fig. 1B
and C) are in accordance with previous studies (He, 2011; Lei et al.,
2013; Tagliazucchi et al., 2013). No significant difference of the
mean PLE was observed between the MPFC and PCC at the group
level (p¼0.3).

3.3. Correlation between the PLE and SCSR

Significant correlation between the PLE and SCSR was observed
only for the private self-consciousness subscale in the MPFC (PLE-
Private; r¼0.413, p¼0.005; remaining significant with Bonferroni
correction). Furthermore, the correlation coefficient of PLE-Private
was significantly different from the absolute correlation coefficient
of both PLE-Public (z¼3.43, p¼0.0003) and PLE-Social (z¼2.64,
p¼0.0041) in the MPFC. No significant correlation between the
Fig. 2. Scatter plots displaying the relationship between SCSR scores and the power-la
private self-consciousness (left), public self-consciousness (middle), and social anxiety (r
PLE in the MPFC (p¼0.005; remaining significant with Bonferroni correction among six
the subjects' PLE divided into high- (red), and low-score (blue) groups. PDF: Probability
value. (For interpretation of the references to color in this figure legend, the reader is r
PLE and SCSR was observed for either PLE-Public or PLE-Social in
the MPFC, or between the PLE and subscales of SCSR in the PCC
(Fig. 2 and Table S1).

To confirm the above correlation results, we further divided the
subject group by median split into high- and low-score groups
according to the individual scores on three subscales. As expected,
for private self-consciousness, there was a significant difference
between high- and low-score groups for the PLE in the MPFC; this
was tested using a two-sample t-test (t¼2.73, p¼0.009).
3.4. Results of control analysis

We applied different smoothing parameters, more specifically,
varying Hamming window sizes (HW¼0, 3, 9, and 15), to test the
robustness of our results. The smoothness of the power-spectrum
was increased by enlarging the HW (Fig. 3A). However, the cor-
relation of PLE-Private in the MPFC was not affected by different
HMs (Table 1). Moreover, consistent results were seen for the first
and last 3 min data (Fig. 3B and Table 1).

To avoid any bias in methods selection when investigating the
scale-free behaviour, we re-calculated all above correlations using
the Hurst exponent (H). Again, the correlation between H and
private self-consciousness (r¼0.392, p¼0.008; remaining sig-
nificant with Bonferroni correction) was the only significant one
among all the correlations between H and SCSR in both MPFC and
PCC (Fig. 4). As a proof of principle, the PLE and H were highly
correlated with each other in both MPFC (r¼0.58, po0.001) and
PCC (r¼0.46, p¼0.001).

Finally, we performed a control analysis with other resting-
state measures (FC, ReHo, SD and DC). No significant correlation
between any of the resting-state measures and SCSR was observed
(see Supplementary methods and Table S1).
w exponent (PLE) in the MPFC and PCC. Correlations were calculated for PLE and
ight). A significant correlation was observed between private self-consciousness and
correlations). The curves to the right of the scatter plots display the distribution of
density function, indicating the relative likelihood for the PLE to take on a given

eferred to the web version of this article.)



Fig. 3. Control analysis of calculating the power spectrum. A. The power spectra were calculated by different smoothing parameters, varying Hamming window sizes
(HW¼0, 3, 9, and 15), in the MPFC and PCC. B. Comparing the power spectra for the first and last 3 min data. Different coloured lines represent individual subjects.

Table 1
Statistics of the correlations between the PLE and SCSR.

Private Public Social

MPFC PCC MPFC PCC MPFC PCC

HW¼0 *r¼0.427 r¼0.257 r¼�0.086 r¼�0.008 r¼0.052 r¼0.131
p¼0.003 p¼0.087 p¼0.575 p¼0.960 p¼0.734 p¼0.392

HW¼3 *r¼0.430 r¼0.258 r¼�0.092 r¼�0.009 r¼0.050 r¼0.128
p¼0.003 p¼0.087 p¼0.550 p¼0.954 p¼0.746 p¼0.403

HW¼9 *r¼0.424 r¼0.238 r¼�0.086 r¼�0.009 r¼0.040 r¼0.136
p¼0.004 p¼0.115 p¼0.572 p¼0.953 p¼0.795 p¼0.373

HW¼15 *r¼0.413 r¼0.227 r¼�0.077 r¼0.004 r¼0.041 r¼0.142
p¼0.005 p¼0.134 p¼0.613 p¼0.978 p¼0.788 p¼0.351

First 3 min (HW¼15) *r¼0.313 r¼0.068 r¼�0.061 r¼�0.064 r¼0.050 r¼0.205
p¼0.036 p¼0.658 p¼0.689 p¼0.675 p¼0.745 p¼0.176

Last 3 min (HW¼15) *r¼0.454 r¼0.339 r¼�0.141 r¼0.027 r¼0.161 r¼0.177
p¼0.002 p¼0.023 p¼0.354 p¼0.861 p¼0.291 p¼0.245

HW: Hamming window size.
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4. Discussion

In the present study, we aimed to investigate the association
between the scale-free dynamics of resting-state fMRI activity, as
indexed by the power-law exponent (PLE), and different dimen-
sions of self-consciousness at a psychological level. We found a
significant positive correlation between the PLE in the MPFC and
private self-consciousness. This result suggests that higher degrees
of long-range temporal correlations (as signified by the PLE) are
specifically related to higher degrees of private self-consciousness.
To our knowledge, the present study provides, for the first time,
evidence that scale-free properties of resting-state fluctuations,
especially in the MPFC, are associated with a private dimension of
self (private self-consciousness).

The MPFC is a region that has been closely linked to self-related
processing (D’Argembeau, 2013; Gillihan and Farah, 2005; Kelley
et al. 2002; Northoff et al. 2006; Northoff and Bermpohl, 2004;
Supekar et al., 2010; van der Meer et al., 2010). Usually, self-related
activity in the MPFC has been detected by looking at different le-
vels of neuronal activity during self- and non-self-related stimuli



Fig. 4. Detrended fluctuation analysis (DFA) and the correlations between the Hurst exponent (H) and SCSR. A. DFA plots for individual subjects in the MPFC and PCC. The
fluctuation, F(Ƭ), is computed at different time window size, Ƭ, and plotted in double-logarithmic scales. The scaling exponent, H, is the slope of linear regression. B. The
relationship between SCSR scores and H in the MPFC and PCC. A significant correlation was observed between private self-consciousness and H in the MPFC.
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(Kelley et al., 2002; Schneider et al., 2008; Modinos et al. 2011;
Huang et al., 2014). One's own name or trait adjectives are usually
taken as self-related stimuli, which target a private component of
self (Kelley et al., 2002; Schneider et al., 2008; Modinos et al.,
2011). One would consequently assume that MPFC activity is
mainly related to private self-consciousness rather than public or
social dimensions of self. However, this remained to be
investigated.

Our data provides first evidence in that direction. Private self-
consciousness was the only dimension to correlate with the tem-
poral structure of resting-state activity in the MPFC. In contrast,
we did not observe any correlation of our various resting-state
measures with the scores for public self-consciousness or social
anxiety. These results suggest a specific association of the MPFC
resting-state activity with private rather than public self-con-
sciousness. Future studies may consider the link between self-re-
lated stimulus-induced activity and private self-consciousness at a
psychological level. Since applying self-related stimuli, such as
one’s own name or trait adjectives, reflects a private aspect of self,
one would expect the resulting self-related stimulus-induced ac-
tivity to correlate with private self-consciousness specifically. This
remains to be tested in the future.

Why and how is MPFC resting-state activity related to private
self-consciousness? Previous studies demonstrated the MPFC's
involvement in both self-related processing and high resting-state
activity (D’Argembeau et al., 2005; Schneider et al., 2008; Qin and
Northoff, 2011; Whitfield-Gabriel et al., 2011). However, the exact
psychological and neural mechanisms that mediate this rest-self
overlap are unclear. Our correlation between resting-state activity
and private self-consciousness lends further support to the ob-
served rest-self overlap (Bai et al., 2015) by providing a clue con-
cerning a possible mechanism, namely the long-range temporal
correlations with the temporal structure of spontaneous activity.
Moreover, our results specify that, in a psychological regard, only
scores of private self-consciousness correlated with resting-state
activity. In contrast, no correlation was found with either public
self-consciousness or social anxiety. More generally, this suggests
that some individually specific information about the private or
individual self (rather than its public or social aspects) is encoded
in the resting-state brain activity.

How is the private self-specific information encoded into the
resting-state activity of the MPFC? We here investigated different
measures of resting-state activity, including the power-law ex-
ponent (PLE), regional homogeneity (ReHo), temporal variability
(SD), degree of centrality (DC), and functional connectivity (FC).
Scale-free activity, as indicated by the PLE and confirmed by the
Hurst exponent (H), was the only neural measure to correlate. As
the PLE and H measure specifically the temporal structure of
spontaneous activity, rather than signal synchrony across regions
(e.g. ReHo, DC, and FC) or the overall power of signal fluctuations
(e.g. SD), this may suggest that the rest-self overlap in the MPFC is
mediated by the temporal structure of the spontaneous activity.
Therefore, we tentatively hypothesize that the resting-state’s
neuronal self-affinity translates in some yet unclear way into
psychological self-relatedness as manifest in private self-con-
sciousness. In other words, the degree of long-range temporal
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correlations, which describe the diachronic aspect of the sponta-
neous activity, may be translated into the diachronic features of
the self on the psychological level (Fingelkurts and Fingelkurts,
2011; Fingelkurts et al., 2013). If this were the case, one would
expect some degree of temporal correspondence between the
temporal structure on the neuronal level, including its degree of
autocorrelation across time, and the degree of self-consistency
across time.

Our finding is in line with a recent study, in which researchers
found a higher degree of scale-free dynamics was related to a
lower degree of extraversion (Lei et al., 2013). A lower degree of
extraversion (or a higher degree of introversion) could be in-
dicative of a higher degree of private self-consciousness, thereby
aligning with our findings that higher private self-consciousness
scores correlate positively with the PLE.

We are aware of some limitations in our approach. The possible
association between scale-free dynamics and the encoding of a
private dimension of self in the resting-state must be confirmed by
more observations, such as how resting-state activity interacts
with the task-evoked activity (Huang et al., 2015). Currently, it
remains unclear how the PLE changes during self-related tasks.
Since a larger PLE has been observed during resting-state activity
compared with task-evoked activity (He, 2011), one would expect
the PLE during the self-related task to be attenuated when com-
pared with resting-state activity. Based on the observed corre-
spondence of higher PLE with higher sense of self in the private
dimension, we assume that the PLE will be less attenuated during
self-related tasks versus non-self-related tasks.

Another limitation is that self and consciousness were not ex-
perimentally dissociated. Previous studies implied that the PLE
and level of consciousness are associated with each other, based
on the association between the PLE and slow cortical potentials
(He et al., 2010; He and Raichle, 2009) and change in scale-free
dynamics between awake and sleep states (Zempel et al., 2012).
However, in our study self and consciousness confound. From our
results, we are not certain if the PLE is directly related to the self,
consciousness or both. Future studies may attempt to disentangle
self and consciousness and investigate the unconscious or implicit
processing of self-related stimuli and their relation to resting-state
activity.

Lastly, we used a relatively short repetition time (TR¼1 s) of
fMRI scanning, which was due to the consideration that higher
temporal resolution is beneficial when computing power spec-
trum of the BOLD signal. A short TR, however, lowers the signal-to-
noise ratio (SNR) and spatial resolution, in turn potentially af-
fecting other common measures, such as functional connectivity
or ReHo. As a result, we cannot completely rule out the possibility
that other measures may be also associated with self-conscious-
ness when a longer TR is applied (e.g. TR¼2 s). Also, the PLE does
not appear to be the only informative measure since several cor-
relations between resting-state measures other than the PLE and
SCSR were almost significant (FC and DC with the Social subscale;
see Supplementary Table S1). Therefore, it remains to be de-
termined in future studies if the private self-consciousness sub-
scale is solely associated with PLE.

In summary, we demonstrate for the first time a direct re-
lationship between the resting-state's scale-free activity and its
temporal structure in the MPFC with private self-consciousness.
This significantly extends previous findings of rest-self overlap,
indicating self-relatedness to be encoded in especially the tem-
poral structure of the MPFC resting-state activity. The self-affine
nature of the MPFC resting-state activity seems to translate into
self-relatedness (and ultimately self-consciousness) at a psycho-
logical level.
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