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Introduction

Identity and Cortical Midline Structure

Central to human life is our self and its continuity of time—
“self-continuity” (Ersner-Hersfield, Wimmer, & Knutson,
2009) is the temporal core of our personal identity (Northoff,
2016). Although much attention has recently been devoted to
the self at one particular moment in time, that is, “synchronic
self,” and its neural correlates (see next), less is known about
self-continuity and thus about the “diachronic self” and its
identity. The target article by Elliot T. Berkman, Jordan L.
Livingston, and Lauren E. Kahn (this issue) is a very welcome
attempt in determining both psychological and neuronal
correlates of identity. They postulate an “identity-value model”
that links the diachronic self (i.e., identity) with its synchronic
functions (i.e., value).

Most interesting, Berkman et al. (this issue) assume that the
anterior cortical midline structures (CMS) and specifically the
ventromedial prefrontal cortex (vmPFC) play an essential role
in linking both, the enduring and stable features of identity
with the constitution of value. Although the CMS have often
been highlighted in internally directed cognition like self
(Northoff et al., 2006; Sui & Humphreys, 2015), mental time
travel or episodic simulation (Schacter et al., 2012), and mind
wandering (Christoff et al., 2016), the exact neuronal mecha-
nisms underlying these regions’ involvement in self-continuity
as core of our personal identity remain less clear. My commen-
tary aims to bridge that gap between the CMS’s neuronal
mechanisms and their psychological outputs, that is, self-
continuity as core of personal identity.

Cortical Midline Structures and Self

Anterior midline regions like vmPFC and perigenueal anterior
cingulate cortex (PACC) as well as posterior regions like poste-
rior cingulate cortex (PCC; as well as other regions inside and
outside the CMS) have been most consistently activated during
self-related processing (see Araujo, Kaplan, & Damasio, 2013;
Hu et al., 2016; Kim & Johnson, 2012; R. J. Murray, Schaer, &

Debban�e, 2012; Northoff & Bermpohl, 2004; Northoff et al.,
2006; van der Meer, Costafreda, Aleman, & David, 2010).
Although vmPFC/PACC and PCC (and other midline regions
like dorsomedial prefrontal cortex, supragenual anterior cingu-
late cortex, and medial parietal cortex) are related to differential
aspects of self-related processing, they are most often neverthe-
less conjointly recruited and activated (in different degrees)
during different degrees and aspects of self-related processing
(Araujo et al., 2013; Araujo, Kaplan, Damasio, & Damasio,
2015; Hu et al., 2016. Lou, Changeux, & Rosenstand, 2016; R. J.
Murray, Debban�e, Fox, Bzdok, & Eickhoff, 2015; R. J. Murray
et al., 2012; Northoff et al., 2006; van der Meer et al., 2010).

Moreover, data show that significant neural overlap between
the high resting state and self-related activity levels in vmPFC/
PACC and PCC. Several studies observed that self-specific
stimuli did not induce activity change in vmPFC/PACC and
PCC during task-evoked activity when compared to their rest-
ing state activity levels (Davey, Pujol, & Harrison, 2016;
D’Argembeau et al., 2005; Schneider et al., 2008; Whitfeld-
Gabrieli et al., 2011); such “rest-self overlap” (Bai et al., 2015)
was further confirmed by a meta-analysis showing vmPFC/
PACC and PCC as overlapping regions during both resting
state and self-related processing (Qin & Northoff, 2011).

Recent studies went even one step further showing that rest-
ing state activity and prestimulus activity levels predict the
degree of self-consciousness (Huang, Obara, Davis, Pokorny, &
Northoff, 2016) or self-specificity assigned to subsequent stim-
uli (see Bai et al., 2015; Qin et al., 2016). If these findings of
rest-self prediction are further confirmed, one may want to
suppose that the resting state itself encodes or contains some
information about self-specificity in yet unclear ways. The
assumptions of rest-self overlap may then be accompanied by
the one of “rest-self containment” (Northoff, 2016), which,
reformulated in a cognitive way, amounts to “self-representa-
tion” (Sui & Humphrey, 2015, p. 4).

The central role of the resting state for mediating self-speci-
ficity is further supported by the assumption of a so-called self
network. Based on functional connectivity analysis of a large
resting state data set, Murray and colleagues (R. J. Murray
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et al., 2015; R. J. Murray et al., 2012) demonstrated anterior
midline regions like PACC and vmPFC, as well as the anterior
insula, to form a “self network” in the resting state (see also
Huang et al., 2016; Lou et al., 2016). The coinvolvement of
PACC/vmPFC and insula in self-specificity is further supported
by these regions’ coactivation in task-related studies (see Enzi
et al., 2009; Moreno et al., 2009). The self-network must be dis-
tinguished from what they describe as “other network” that
includes posterior midline regions like PCC and the temporal
pareital junction (TPJ) (R. J. Murray et al., 2015).

Personal Identity—Temporal Stability and Self-Continuity

What do the data about CMS tell us about self and identity?
The strong neural overlap between self and resting state sug-
gests a central role for spontaneous activity in CMS. The spon-
taneous activity in CMS must show certain neuronal features
and mechanisms that make it well suitable for mediating self
and its continuity, that is, self-continuity. The nature of these
neuronal mechanisms that distinguish CMS from other regions
and networks remains unclear, though. To address this ques-
tion, we first need to go back to what exactly is meant by the
concept of identity; this, in turn, may reveal some psychological
features that must be fulfilled by the CMS and its neuronal
mechanisms.

What exactly is meant by identity? Taken in a philosophical
sense, the concept of identity, that is, personal identity, is
understood in a purely numerical sense: We are one and the
same person throughout time even though both our psycholog-
ical and physiological features change over time (Northoff,
2016; Northoff & Wagner, 2017). That is different from the
concept of identity in the psychological sense. This leads us
back to Berkman et al. (this issue).

Berkman et al. first and foremost point out the temporal
nature of identity. They define identity by stability—our self is
stable and enduring across time. Moreover, the identity
remains context independent as distinguished, for instance,
from the momentary changes in our psychological contents as
they are related to changes in context. Identity thus allows for
“stable mental representation of self” across time, that is, in a
diachronic sense that amounts to what I described as “self-con-
tinuity” (p. 79). Taken in such a way, identity remains rather
abstract: It must be distinguished from the more concrete
momentary cognitive contents.

It remains unclear what this stability consists in, though:
What exactly endures, remains context independent, and is
rather abstract? Are these specific cognitive contents, that
is, information? This is rather unlikely given that basically
all information including psychological and physiological
change over time. As has been extensively discussed in
philosophy (Northoff, 2016; Northoff & Wagner, 2017),
neither physiological nor psychological contents endure
and remain stable. Even our own brain continuously
changes its cells and activity pattern; the brain is highly
plastic rather than stable and enduring. The continuous
change of both psychological and physiological contents
and their information makes such cognitive view of identity
rather unlikely.

Berkman et al. are somewhat aware of that when they associ-
ate identity with salience, value, and motivation. That shifts the
focus from a cognitive concept of identity to a more reward-
and affect-based motivational concept of identity. Identity can
then be considered a value, a strong subjective value that is
associated with positive affect, that is, a positive value, as they
say. Being such positive value, identity can then impact our
long-term goals as well as relate our self to externally directed
processing—the self thus becomes extended (Kim & Johnson,
2012, 2014) or, as I say, relational (Northoff, 2016).

What does identity as positive value consist in? Although
psychologically the characterization of identity by subjective
value rather than cognitive information is a major step forward,
we may need to go even one step further. Specifically, we need
to search for the underpinnings of the stability and enduring
character of subjective values to account for identity and its
underlying neuronal mechanisms. That is the aim in my
commentary.

Temporal Features of CMS Neuronal
Activity—Transformation Into “Self-Continuity”

My focus is specifically on the temporal component of identity
while, for the sake of simplicity, I neglect the specific characteri-
zation of that temporal component by subjective value, motiva-
tion, and positive affect. Given that the CMS have been shown
to be central in the synchronic self, one may also suppose a cen-
tral role of CMS and their spontaneous activity in mediating
diachronic self, that is, self-continuity as core of identity. My
main and overarching aim is to demonstrate that neural activity
in CM shows specific features (i.e., temporal features) that
make it well suitable to mediate our diachronic self with self-
continuity as core of our personal identity.

Based on recent data from brain imaging, I suggest that the
temporal features of identity are mediated by corresponding
temporal features in the spontaneous activity of CMS. Specifi-
cally, I propose that the temporal features of spontaneous neu-
ronal activity in CMS predispose the temporal expansion of the
“synchronic self” in time—this results in a “diachronic self”
with “self-continuity” as core of our identity. In a nutshell, I
postulate that the temporal features of spontaneous CMS neu-
ronal activity transform into corresponding temporal features
on the psychological level of self, that is, “self-continuity” as
core of our identity.

Temporal Features of Neural Activity in CMS

Temporal Features of CMS—Strong Power
in Infraslow Frequencies

Most of the findings on CMS have been obtained in functional
magnetic resonance imaging (fMRI). To better understand the
physiological and specifically temporal features of CMS, we
therefore need to get into the physiological basis of the BOLD
signal as measured with fMRI.

The BOLD signal as obtained in fMRI is electrophysiologi-
cally best correlated with local field potentials (Khader, Schicke,
R€oder, & R€osler, 2008; Logothetis, 2008; Logothetis, Pauls,
Augath, Trinath, & Oeltermann, 2001; Raichle & Mintun,
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2006) that are based on integrated electrical population-based
activity in pre- and postsynaptic terminals (Raichle, 2009). The
BOLD signal taps predominantly slower frequencies between
0.01 and 4 Hz and is usually filtered within the range of 0.01
and 0.1 Hz (to eliminate artifacts; Logothetis, 2008; Logothetis
et al., 2001; Power et al., 2017).

The frequency range between 0.01 and 4 Hz includes the
delta band (1–4 Hz), up and down states in the range of 0.8 Hz
(Hahn et al., 2006; Mitra et al., 2015; Mitra & Raichle, 2016;
Steriade et al., 1993), and infraslow fluctuations (ISFs; 0.01–0.1
Hz; Hiltunen et al., 2014; Monto et al., 2008; Vanhatalo et al.,
2004; Zhigalov et al., 2015). The slower frequency range has
also been dubbed as slow cortical potentials, which subsumes
either the range between 0.1 Hz and 1 Hz (He & Raichle, 2009;
Khader et al., 2008) or the whole slow range between 0.01 Hz
and 1 Hz (Buzsaki, 2006; He, Snyder, Zempel, Smyth, &
Raichle, 2008; Raichle, 2015; Roberts et al., 1989).

The CMS also show a particular high degree of power in the
very slow frequency range of ISFs, namely, slow 5 (0.01–0.027
Hz) when compared to other regions (Lee, Northoff, & Wu,
2014; Zhang et al., 2011). For instance, sensory regions show a
power spectrum that is tilted more toward the faster frequen-
cies in the ISF’s domain (see Lee et al., 2014; Zhang et al.,
2011). This means that the power and long cycle durations of
the very slow frequencies in the CMS predominate over the
faster frequencies and their shorter cycle durations, which are
more prominent in especially sensory regions.

The long cycle duration of ISFs (0.01–0.1 Hz with their
range between 100 and 10 s) makes them ideal candidates to
integrate different inputs and their distinct points in time (He
& Raichle, 2009). This is, for instance, well manifest in the
functional dynamic connectivity pattern of CMS to other
regions in the brain (see earlier) that occurs mainly in the slow
frequency range around 0.1 Hz (see de Pasquale et al., 2012; de
Pasquale et al., 2016). Moreover, the degree of power in the
slow frequencies (as measured in scale-free activity) impacts
task-evoked or stimulus-induced activity with higher degrees of
the former leading to higher amplitudes (and higher trial-to-
trial variability reduction) in the latter (Huang et al., 2015).
Although further confirmation is necessary, these examples
suggest that the CMS, on the basis of their strong power in rest-
ing state ISFs, can shape and modulate functional connectivity
and neural activity in other regions and networks of the brain
as well as associated behavior (see He, 2014; Palva et al., 2013;
Palva & Palva, 2011).

Temporal Features of CMS—Strong Scale-Free Properties

The distribution of slow and fast frequencies is also reflected in
scale-free activity that measures the long-range temporal (auto)
correlation across the different frequencies (Chialvo, 2002; He,
2011, 2014; He, Zempel, Snyder, & Raichle, 2010; Linkenkaer-
Hansen et al., 2001; Palva et al., 2013). Certain fMRI studies
demonstrated that the CMS show a particular high degree of
scale-free activity (as measured with either the power law expo-
nent or detrended fluctuation activity; He, 2011, 2014; He et al.,
2010; Huang et al., 2015). The high degree of scale-free activity
means that the very slow frequencies have a relatively higher
degree of power in CMS when compared to the faster ones—

the long cycle durations of, for instance, slow 5 (0.01–0.027 Hz
and thus ranging approximately from 100 to 70 s) thus pre-
dominate over the shorter ones of faster frequencies

Scale-free activity is also related to the coupling between dif-
ferent frequencies, that is, cross-frequency coupling (CFC) as it
can be measured with MEG/EEG (Aru et al., 2015; Canolty
et al., 2006; Lakatos et al., 2008). Early investigations (Monto
et al., 2008; Vanhatalo et al., 2004) demonstrated that the phase
of slower frequencies (in the range of ISFs) is coupled to the
amplitude of faster frequencies (like 1–100 Hz), which is con-
firmed by later studies using MEG and/or fMRI (He et al.,
2010; Hiltunen et al., 2014; Huang et al., 2015; Zhigalov et al.,
2015; see also Aru et al., 2015). Recently, an fMRI study also
demonstrated CFC within the infraslow frequency range itself
as from the phase of slow 5 (0.01–0.027 Hz) to the amplitude
in slow 3 (0.073–0.198 Hz; Huang et al., 2015).

Due to the stronger power of slow 5 in CMS, one would
expect particularly high degrees of slow phase-fast amplitude
CFC in CMS when compared to other regions. Although fMRI-
EEG studies did indeed demonstrated correlation between ISFs
(as measured in fMRI) and alpha amplitude (see Sadaghiani &
Kleinschmidt, 2010; Sadaghiani et al., 2010), studies focusing in
CFC between the phase of ISFs and amplitude in faster fre-
quencies in specifically CMS (when compared to other regions)
are still lacking (see also Palva & Palva, 2012, for review, as well
as Hiltunen et al., 2014).

Taken together, the CMS show an elaborate temporal
structure that seems to be predominated and driven by
strong power in very slow, that is, infraslow frequency
ranges, i.e., 0.01–0.1 Hz). The temporal structure consists in
differential degrees of power between slow and fast frequen-
cies, as well as in cross-frequency coupling. The slow (i.e.,
infraslow) frequencies show the strongest power when com-
pared to faster ones (0.1–70 Hz) as it can be measured in
scale-free activity. Moreover, the slow (i.e., infraslow) fre-
quencies and their phase seem to couple to the amplitude
of the faster ones as in cross-frequency coupling. Although
such temporal structure is established throughout the whole
brain, it seems to be particularly strong and driven by the
infraslow frequencies in CMS.

Temporal Features of CMS—Temporal Receptive Windows

What are the functional implications of the strongly powered
infraslow frequencies in CMS for the processing of stimuli?
The extremely long cycle duration of infraslow frequencies may
allow for the encoding of long stimulus sequences. For instance,
the 100-s cycle of 0.01 Hz contains one high excitable period of
50 s and one low excitable period of 50 s. If a sequence of stim-
uli falls altogether into the high excitable 50-s period, they can
be encoded together and may form one meaningful semantic
unit (see also Schroeder & Lakatos, 2009, 2010, who take a
slightly different perspective, though).

If, in contrast, part of the same stimulus sequence falls into
the subsequent low excitable 50-s period, the stimulus sequence
as whole will not be encoded together and form one meaningful
semantic unit. The long cycle duration of infraslow freqeunces
as they predominate in CMS may thus be ideal candidates for
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encoding longer stimulus sequences (see Northoff, 2014 and
Northoff 2015, for more details).

How can we further support this point? Although not
directly measuring the power of infraslow frequencies and their
phase cycles (see, though, Honey et al., 2012), the group around
Hasson conducted a series of fMRI studies on encoding of
external stimulus sequences. They applied naturalistic stimuli
like music, movies, or speech, which contain meaningful seg-
ments of variable durations (e.g., shorter and longer, as com-
pared with a scrambled version as control that did not contain
any meaningful segments; see Hasson, Chen, & Honey, 2015,
for a recent review).

They observed that words (1 s § 0.5 s) elicited activation in
primary sensory regions like visual (when presented visually)
or auditory (when presented auditorily) cortex. Sentences, last-
ing longer (8 § 3 s), were associated with higher regions like
medial temporal and parietal cortex, whereas whole paragraphs
(lasting about 38 § 17 s) recruited neural activity changes in
CMS (see Farbood et al., 2015; Hasson et al., 2015; Honey et al.,
2012; Lerner et al., 2014; Stephens et al., 2013).

The encoding of temporal features even extends to the social
domain. Simony et al. (2016) let different subjects listen to one
and the same auditory narrative (as controlled by a scrambled
version). The longest segments (38 § 17s) were again encoded
in the CMS, which also predicted the memory of those seg-
ments tested for later. Most important, CMS activity during the
exposure to one and the same auditory narrative was coupled
(e.g., correlated) between the different subjects (as measured by
“intersubject functional correlation”).

This and other studies suggest that the CMS, though not
receiving direct sensory input by itself, nevertheless is central
for social processing as based on its temporal features, for
example, the long TRW (see Hasson & Frith, 2016; Hasson
et al., 2012; Silbert et al., 2014). That is well in accordance with
the observation of the CMS being implicated in various forms
of social cognition (see Amft et al., 2015; Li et al., 2014; Mol-
nar-Szakacs & Uddin, 2013; Murray et al., 2015; Spreng et al.,
2009, 2012).

In sum, the data suggest that different regions encode differ-
ent temporal durations of stimulus material with the CMS
encoding the longest temporal frames; for that reason, Hasson
et al. (2015) spoke of so-called “temporal receptive window”
(TRW). The TRW describe the temporal window within which
a specific region can encode meaningful units of information.
The TRW seem to be rather short for sensory regions (millisec-
onds to 1–2 s) and do therefore encode short lasting stimuli
like words. In contrast, the CMS show the longest TRW rang-
ing from seconds to minutes

The long TRW allow the CMS to encode longer stimulus
sequences like whole paragraphs (in visual/auditory material)
or sections (in music; Chen et al., 2015; Chen et al. 2016; Far-
bood et al., 2015). The CMS with their strong infraslow power
and long TRW are thus ideally suited to encode and integrate
information over long time scales (see Honey et al., 2012) for
which reason Hasson et al. (2015) spoke of “process memory”:
Process memory is not based on the content itself (e.g., noncog-
nitive) but rather on the processing of temporal features that
shape the content that different regions can (or cannot) encode
(e.g., process based). That converges well with what Margulies

et al. (2016) described as “stimulus-independence’ and “con-
text-independence” of CMS (as part of the DMN) with respect
to stimuli and contents.

Temporal Features of Self-Continuity and Identity
of Self

Internally Oriented Activity in CMS—Temporal Expansion
Window

How are the temporal features of CMS neural activity related to
the diachronic self, that is, its identity over time including past,
present, and future? The long TRW in CMS and their “process
memory” allow to temporally expand the external stimulus
material that is encoded into neural activity. Longer sequences
of stimuli can be encoded by CMS activity and thereby provide
meaningful units that stretch or better expand temporally from
the past to the present, hence the term “process memory.” This
applies to external stimulus material like videos or music as
applied by the group around Hasson to measure TRW. The
long TRW of CMS allow to expand the encoding of external
stimulus material beyond its actual given point in time to sev-
eral other points in time ranging from past to present
moments.

The same may now apply analogously to internally gener-
ated stimulus material as related to the ongoing resting state
activity and its contained or encoded self-specificity. In the
same way, the long TRW in CMS allow the encoding of longer
sequences of external stimuli; they, at the same time, may also
expand the encoding of internally generated input or stimuli in
the ongoing resting state beyond their actual point in time.
Internally generated inputs or stimuli at different points in
time are then encoded together in terms of one meaningful
unit or “process,” as Hasson might say.

Due to the long TRW in CMS that meaningful unit or “pro-
cess” of encoded internally generated inputs or stimuli is partic-
ularly long, that is, it expands in time across past, present, and
future. One may thus want to speak of “temporal expansion.”
Analogous to the concept of TRW with regard to external stim-
ulus processing, I therefore speak analogously of a temporal
expansion window (TEW) in the case of internal stimulus proc-
essing. The concept of TEW describes the degree to which an
internally generated neural activity at one particular point in
time in the present moment can be stretched or expanded
across different points in time (in past and future; see Figure 1).

Psychologically, the TEWmay be directly related to the tem-
poral duration of internally guided cognition like spontaneous
thoughts (Christoff et al., 2016) and self-continuity (see next).
Before going into psychological detail (see next), we may want
to first shed yet a brief light on the neuronal side of TEW. Neu-
ronally, one would expect that the TEW during internally gen-
erated neural activity are related to the temporal features of the
spontaneous activity itself.

Specifically, one would expect that stronger power in infra-
slow frequency fluctuations in CMS, as indexed by stronger
scale-free activity, is directly related to the length of TEW: The
higher the degree of scale-free activity (with higher power law
exponent) in CMS, the longer their TEW. Moreover, as exter-
nally generated activity is dependent upon internally generated
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activity, one would expect that the TEW is positively related to
the length of the TRW. Unfortunately, no results have been
reported so far that directly link spontaneous scale-free activity
to both TEW and TRW during internally and externally gener-
ated neural activity.

Temporal Expansion Windows in CMS—Episodic
Simulation and Mental Time Travel

How about empirical support from the psychological side? One
central feature of our self is its temporal expansion from pres-
ent into both past and future. Such temporal expansion is
described as episodic simulation (ES) or mental time travel
(Schacter et al., 2012). Most interestingly, ES has strongly been
related to CMS. D’Argembeau et al. (2008, 2010) conducted a
series of studies in which he investigated the neural correlates
of imaging self- and non-self-related events in past, present,
and future. The interaction between self and time (i.e., past and
future) yielded strong activity in CMS. This is supported by
various studies showing that the projection of events including
autobiographical and semantic into past and future involves
the CMS as common neural substrate (see Addis et al., 2009;
Schacter et al., 2012; Szpunar et al., 2007; see Benoit & Schacter,
2015, as well as Stawraczyk & D’Argembeau, 2015, for meta-
analysis).

Such mental time travel with self-projection into past and
future has been described as ES (Addis et al., 2007, 2009; Buck-
ner & Carroll, 2007; Schacter, Addis, & Buckner, 2008; Schacter
et al., 2012; Seligman et al., 2013; Suddendorp & Corballis,
2007; Szupanar et al., 2007; Szpunar, 2010; Szpunar, Spreng, &
Schacter, 2014). ES can be characterized by mental time travel
that allows to project the own self and related events into time
(i.e., past and future). The projection into time allows the self
(and its related events) to detach or decouple itself from the
specific actual point in time and the current environmental
context (Benoit & Schacter, 2015; Buckner, Andrews-Hanna, &
Schacter, 2008; Buckner & Carroll, 2007).

Moreover, ES makes possible to construct and simulate
hypothetical or counterfactual events that are detached or

decoupled from current environmental constraints; this
amounts to the constructive episodic simulation hypothesis,
with self-projection and scene construction as central features
(Benoit & Schacter, 2015; de Brigard, Szpunar, & Schacter,
2013; Schacter, Addis, & Buckner, 2007, 2008; Schacter et al.,
2012; Schacter et al. 2013; Szpunar et al., 2014).

Based on both the temporal features of CMS and their
involvement in ES, I now hypothesize that the long CMS time
windows for temporal expansion during internally generated
neural activity (i.e., TEW) are directly related to the degree of
temporal expansion during ES. The stronger the infraslow fre-
quencies with their long TEW in CMS, the more we will be able
to simulate and project our self into past and future. Hence, the
length of mental time travel on the psychological side may be
directly related to the length of the TEW in CMS on the neuro-
nal side. As mental time travel is one central feature of our self
(i.e., diachronic self), the TEW in CMS may, at least in part, be
constitutive of our diachronic self as the very core of our identity.

Scale-Free Nature of CMS Neuronal Activity—Scale-Free
Nature of Self-Continuity

One may now want to argue that identity of self is not limited
to the time scale of episodic simulation as mental time travel.
The identity of self covers a much longer time scale than in ES.
Although ES usually concerns second, minutes, hours, or days,
identity of self extends over much longer periods, namely, years
and decades. Hence, put into the terms of frequencies, we
encounter an extremely slow infraslow frequency range that, as
such, is apparently not present in the brain’s neural activity
including CMS. We are thus confronted with the question how
temporal features on different scales (i.e., CMS and identity)
can be related to each other. Most interesting, especially ante-
rior CMS regions like PACC and vmPFC have been related to
what psychologically has been described as self-continuity (Ers-
ner-Hersfield et al., 2009; Hersfield, 2011; see also Martin et al.,
2014; Northoff, 2014; Wittmann, 2015).

The involvement of PACC and vmPFC in self-continuity
and thus identity of self is further suggested by recent studies
and self-consciousness and early traumatic life events. A recent
study investigated spontaneous activity in fMRI measuring its
degree of scale-free activity with the power law exponent (PLE;
Huang et al., 2016). The same subjects also underwent psycho-
logical assessment with the self-consciousness scale (SCS). The
SCS includes different subscales, private, public, and social self-
consciousness. Huang et al. (2016) could now observe direct
relationship between PLE and private SCS in specifically
vmPFC: the higher the PLE in vmPFC of individual subjects,
the higher their degree of private self-consciousness (as mea-
sured in private SCS).

These data suggest that stronger power in infraslow frequen-
cies (as leading to higher PLE values) is directly related to
higher degrees in private self-consciousness. Hence, the tempo-
ral features of CMS neural activity seem to translate into inter-
nally generated self-continuity as it lies at the core of private
self-consciousness. Moreover, it suggests that self-continuity
may by itself be scale-free: If self-continuity is related to scale-
free activity on the neuronal side, one may suggest its scale-free
and temporal nature on the psychological side meaning that

Figure 1. “Temporal receptive windows” (TRW) and “Temporal expansion window”
(TEW) for processing external (TRW) and internal (TEW) information.
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self-continuity operates across different time scales in specifi-
cally structured and organized way.

The assumption of the scale-free nature of self-continuity is
further supported by a different study that used EEG rather
than fMRI to measure spontaneous activity and its relation to
SCS (Wolf et al., 2017). The study on EEG and SCS yielded yet
again the same relationship: The higher the PLE in spontaneous
activity as measured with EEG, the higher the degree of specifi-
cally private self-consciousness in the respective subject. The
same finding was observed when only selecting electrodes from
the midline that are closely related to CMS. Unlike fMRI, EEG
allows measuring faster frequencies ranging from 1 Hz to
70 Hz (as in this studies), whereas the infraslow ranges as mea-
sured with fMRI are not included in the signal.

Taken both studies together, the data suggest that internally
generated self-continuity (i.e., private self-consciousness) is
related to both infraslow (0.01 to 0.1 Hz; Huang et al., 2016)
and faster (1–70 Hz; Wolf et al., 2017) frequencies. However, it
is not the simple power of the frequencies (which did not corre-
late with private self-consciousness) but their relationship or
structure across all frequencies that is measured by scale-free
activity (as indexed by the power law exponent). Hence, it is
the temporal structure of neural activity (i.e., its scale-free
nature) that is relevant for “internally generated self-continu-
ity” and thus identity of self. As it is based on the scale-free
nature of CMS neural activity, one may assume that self-conti-
nuity and thus identity of self is by itself themselves scale-free
(i.e., its operates across different time scales in a specifically
organized and structured way).

Self-Continuity and Identity—Spatiotemporal Memory
versus Cognitive Memory

The apparent scale-free nature of self-continuity and identity of
self is further suggested by recent studies on early traumatic child-
hood events that specifically highlight again the vmPFC. Duncan
et al. (2015) investigated spontaneous activity in fMRI in adult
subjects and measured their early traumatic childhood experience.
This revealed correlation between the degree of entropy (i.e., the
degree of prediction or disorder in the spatiotemporal pattern)
and the traumatic life events: The higher the degree of entropy in

vmPFC spontaneous activity, the higher the degree of early trau-
matic life events. That suggests direct relationship between tempo-
ral structure in vmPFC neural activity and self-continuity on the
psychological level as manifest in the “neuro-temporal presence”
of early traumatic life events in adulthood.

Analogous results were observed by Nakao et al. (2013). Their
study investigated the amplitude or power of infraslow frequen-
cies in various regions including vmPFC using near infrared
spectroscopy. They demonstrated that the resting state amplitude
or power in the infraslow frequencies of specifically vmPFC (as
measured during adulthood) was negatively correlated with the
degree of early life stress in the same subjects: The less power in
vmPFC infraslow frequencies, the higher the subject’s degree of
early life stress. Most interesting, both resting state vmPFC
amplitude and early life stress were related to the balance
between internally and externally guided decision-making task, a
color preference task: The more early life stress and less vmPFC
power, the more subjects shifted their decision-making pattern
toward externally guided decision making and the less they
guided their decisions in internally directed way.

What do these results tell us about the “diachronic self” and
its identity that operate on the temporal range of years and dec-
ades? Self-specificity and its continuity over time (i.e., self-con-
tinuity) seem to be encoded in the temporal structure of
specifically CMS neural activity in anterior regions (i.e.,
vmPFC). Corresponding to Hasson et al. (2015), who spoke of
“process memory” with regard to externally generated contents,
these data suggest an internally generated process memory.

Like its external counterpart, the internally generated “process
memory” does not seem to encode specific contents by them-
selves, that is, in the cognitive terms of their information. Instead,
contents seem to be encoded in terms of their temporal features
by seemingly corresponding temporal features in CMS neural
activity. CMS neural activity thus seems to mediate a noncogni-
tive form of memory (i.e., process memory). As it is apparently
based predominantly on temporal (and spatial) features of CMS
activity and its processes, one may want to speak of “spatiotem-
poral memory.” Such spatiotemporal memory may, in turn, pro-
vide the basis for the more traditional notion of memory, that is,
focused on specific contents or information (for which reason it
is cognitive; i.e., “cognitive memory”; see Figure 2).

Figure 2. Transformation of the temporal features of the neural activity in cortical midline structures (left) into corresponding temporal features of self-continuity (middle)
and identity (right).
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Taken all together, one may characterize self-continuity and
identity of self by spatiotemporal memory that operates in a
spatiotemporal rather than cognitive way over extremely long
periods (i.e., years, decades). Hence, what is psychologically
described as identity of self and philosophically as personal
identity may find its neural basis in the spatiotemporal and
scale-free pattern of neural activity in CMS and specifically
vmPFC. Given the data presented here, I describe identity of
self as spatiotemporal and scale-free. Our identity is not bound
to specific contents or information—it is not cognitive and
bound to specific time scales, that is, scale-bound. Instead,
identity is spatiotemporal and scale-free—this is what the neu-
ral data tell us.

Conclusion

Berkman et al. (this issue) propose a novel model of identity in
terms of value. Although they nicely point out the temporal
and motivational features of identity, as well as its neuronal
correlates (i.e., vmPFC), they leave open the exact neuronal
mechanisms that give rise to self-continuity with identity. I pro-
pose that the temporal features of neuronal activity in CMS like
high power in infraslow frequency fluctuations, strong scale-
free properties, and long TRW transform into corresponding
temporal features on the psychological level, that is, long TEW
with episodic simulation, temporal structure and scale-free
nature, and spatiotemporal memory that account for self-conti-
nuity as temporal core of our identity of self. I therefore suggest
a spatiotemporal model of identity as distinguished from the
traditional cognitive model.

How does such spatiotemporal model of identity stand in
relation to the motivational model suggested by Berkman et al.
(this issue)? I propose that the temporal features of identity as
pointed out in my spatiotemporal model provide the temporal
ground for the motivational model: Subjective and positive
value can persist through time on the basis of the scale-free and
temporally structured neuronal activity in CMS.

One would then expect that the temporal features of neuro-
nal activity in CMS strongly impact and are transformed into
those of the reward- and value-processing system, including
the ventral striatum. The association between temporal and
motivational features of identity may then be based on linking
the temporal features of CMS neuronal activity to the ones of
the reward and value system including the ventral striatum.
This is indeed strongly supported on neuronal grounds by the
studies by de Greck et al. (2008, 2010) and Enzi et al. (2009),
who demonstrated direct involvement of the regions of the
reward system, that is, ventromedial prefrontal cortex, ventral
striatum, and ventral tegmental area in self-related processing.

The same may hold analogously for cognitive processing.
Berkman et al. (this issue) and others (Sui & Humphreys, 2015)
assume that self and identity are central for integrating different
contents. On the neuronal level, such integration may be
related to the modulation of, for instance, the central executive
network by the temporal features of CMS neuronal activity.
CMS-based integration of different contents may then longer
be based on the cognitive contents themselves but rather on
their underlying spatiotemporal features and their relation to
the spatiotemporal features of CMS neuronal activity.

What does such spatiotemporal integration imply for our
concept of identity? Spatiotemporal integration explains
well how, for instance, earlier contents like traumatic life
events are still neuronally present in the spatiotemporal pat-
tern of CMS neuronal activity (see earlier). Given that, the
diachronic self with self-continuity as core of our identity
are not cognitive at all. Instead, mirroring the concepts of
diachronic and continuity in the context of self, our identity
is literally temporal, as it is based on the temporal features
of neuronal activity in CMS.
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