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ARTICLE INFO ABSTRACT

Keywords: Current researchers mostly agree that the self consists of both bodily and non-bodily environmental information.
Insula The neural mechanism underlying the integration of this information remains unclear. In this study, we propose
TpJ a neural model subdividing self-processing into three intimately connected levels with different extension:
AMP_F_C R Interoceptive-processing, Exteroceptive-processing and Mental-self-processing. We applied ALE meta-analyses
fj::rl:ca;zm on neuroimaging studies to analyze their neural patterns. Our results show common involvement of insula across
Exteroception all three levels including differentiation of self and familiarity. Common activities in Exteroceptive- and Mental-

self-processing were found in the anteromedial prefrontal cortex (AMPFC) and the temporal parietal junction
(TPJ), suggesting that the two regions likely serve basic functions in differentiation and integration of self-other
information. Finally, Mental-self-processing involves extensive regions such as the cingulate cortex and medial
prefrontal cortex, in addition to the insula, AMPFC and TPJ, which could specialize in adding self-relatedness to
environment information. We conclude that there is a gradient organization in self-processing, through which
body-environment information is integrated for the self via propagation from Interoceptive-processing to

Mental-self-processing.

1. Introduction

What is the self? The self has long been an important concept, de-
bated by philosophers for centuries. In modern psychology, William
James argued that the self is the fundamental unit of analysis for a
science of mental life, the problem about which everything else re-
volves (James, 1890). With its obvious importance, efforts spent in
investigating the self in psychology, neuroscience and neuropsychiatry
have grown rapidly in recent years. In the last three decades, various
studies about interoception (Park et al., 2016), body-related stimuli
(e.g. one’s own face or one’s own agency of an action) (van Veluw and
Chance, 2014), and self-related abstract stimuli/external environment
stimuli (e.g. trait adjectives, geometrical figure) (Hu et al., 2016) lead
to the idea that the self may intrinsically combine the body and natural/
social environment (Craig, 2010; Park and Blanke, 2019; Qin and
Northoff, 2011). For instance, it is proposed that pre-reflective selfhood

emerges from one’s everyday experience through his/her body (Apps
and Tsakiris, 2014; Limanowski and Blankenburg, 2013), from which
external stimuli relevant to the self could be integrated and processed
with better performance through processes like self-referential/related
processing (de Greck et al., 2008; Northoff, 2016a, 2011, 2007; Sui and
Humphreys, 2016, 2015). Considering the importance of the integra-
tion between bodily and external environment information for the self,
we here propose a neural model of self which is based on a mechanism
of how external stimuli can become self-related and thereby integrated
within the self. While, at the same time, the self becomes thereby ex-
tended beyond its body to the external environment.

Upon reviewing the literature with a specific focus on the kind of
paradigms used to elicit and investigate the self, we identified three
levels of neural processing, through which self-related information from
the internal body to the external environment is propagated and in-
tegrated within the self. In the following paragraphs, each proposed

* Corresponding author at: Centre for Studies of Psychological Applications, Guangdong Key Laboratory of Mental Health and Cognitive Science, School of

Psychology, South China Normal University, Guangzhou, Guangdong, China.
E-mail address: qin.pengmin@m.scun.edu.com (P. Qin).
! These authors contribute equally as first authors to this paper.

https://doi.org/10.1016/j.neubiorev.2020.05.004

Received 3 August 2019; Received in revised form 6 April 2020; Accepted 8 May 2020

Available online 31 May 2020
0149-7634/ © 2020 Elsevier Ltd. All rights reserved.


http://www.sciencedirect.com/science/journal/01497634
https://www.elsevier.com/locate/neubiorev
https://doi.org/10.1016/j.neubiorev.2020.05.004
https://doi.org/10.1016/j.neubiorev.2020.05.004
mailto:qin.pengmin@m.scun.edu.com
https://doi.org/10.1016/j.neubiorev.2020.05.004
http://crossmark.crossref.org/dialog/?doi=10.1016/j.neubiorev.2020.05.004&domain=pdf

P. Qin, et al.

Neuroscience and Biobehavioral Reviews 115 (2020) 77-95

Three-level Model of the Self
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Fig. 1. A schematic representation of the three-level-processing model of self, summarizing the primary role of each level in self-processing, as well as the contents of

the neural representations involved in each level.

level of self-processing will be interpreted in an internal to external
sequence.

1) Interoceptive-processing. Several previous theories proposed that
the self is grounded on interoceptive processing, such as the neural
representation of cardiorespiratory, gastrointestinal and urogenital
signals (Craig, 2009; Park et al., 2014; Seth, 2013; Tsakiris and
Critchley, 2016). These theories have been supported by increasing
empirical evidence. For instance, it has been found that heartbeat-
evoked-responses recorded with MEG covaried with self-related
spontaneous thoughts (Babo-rebelo et al., 2016), as well as bodily
self-consciousness induced by the full-body illusion tasks (Park
et al., 2016). Other studies have also found that the experience of
body ownership and self-identification could be modulated by in-
teroceptive signals (Sel et al., 2017; Seth, 2013; Suzuki et al., 2013).
Furthermore, the fact that some of these interoceptive modulations
do not involve attention, indicates that interoception might affect
self-processing in an implicit and automatic way. These findings
implicated a causal role of interoception in self-awareness by
highlighting its importance in the processing of external self-related
information. Based on the above theories and evidence, in the cur-
rent study, we propose that interoceptive-processing is one level of
bodily-self-processing, and is the prerequisite of the integration of
bodily and external environment information for self-processing.

Exteroceptive-processing. Having to interact with the outer world,
our body cannot rely on internal senses alone, i.e., its interoceptive
stimuli. As reflected in the “mirror tests”, the ability in self-re-
cognition is one of the crucial markers for development of self-
awareness (Anderson, 1984). It involves processing external stimuli
which were the direct projections of one’s own bodily signals in the
external environment, such as photo of one’s own face and other
body parts, or a cursor/mouse movement driven by one’s own ac-
tion. Such processing directly links the body with the external en-
vironment, which is based on various exteroceptive signals such as
vision and touch, as well as multisensory signals driven directly by
our own physical actions, such as the combination of synchronous
visual feedback and proprioceptive signals in an agency task
(Sperduti et al., 2011). Evidence showed that exteroceptive signals
(including proprioceptive signals) about our own body, as well as
integration of interoceptive and exteroceptive signals, are crucial to
modulating basic self-other boundaries (Park and Blanke, 2019);
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that, in turn, seems to constitute the very basis of social interactions
(Sperduti et al., 2011; Suzuki et al., 2013; Tsakiris, 2017). In the
current study, we define this level of processing as exteroceptive-
processing, and we propose that it incorporates exteroceptive, pro-
prioceptive, and multisensory signals for the self, and links the in-
tero- and exteroceptive body with external environment information
which show a direct relationship with the body as mentioned above.

3) Mental-self-processing. This level of processing extends the con-

tents of the self to external stimuli which do not have any direct
contact with the body, such as one’s own name or cell phone. These
more mental and virtual (rather than body-based physical) stimuli
could encompass infinite varieties of information, such as self-re-
lated traits, one’s own name, autobiographical memory, first-person
perspective judgments, etc. This level of processing has been fre-
quently implicated in the so-called self-referential effect, in which
self-related information, such as trait words referred to oneself,
could be processed with better performance, such as better memory
(Kim and Johnson, 2014; Rogers et al., 1977; Shi et al., 2011; Sui
et al., 2013). However, it has long been proposed that the processing
of non-bodily signals such as in social cognition, could be influenced
by bodily signals (Farmer et al., 2014; Maister et al., 2013). The
above evidence indicates that self-processing of external non-bodily
signals, even abstract ones, could be grounded on bodily signals. In
the current study, we define this level of processing as Mental-self-
processing. We propose that this level of processing represents the
abstract affiliation of the external environment with the self in
mental contents (i.e. self-relatedness of the external environment
stimuli), by incorporating Interoceptive-processing, Exteroceptive-
processing, and finally realizes the integration of bodily and external
environment information which show non-direct contact with body
as mentioned above.

The proposed functions and neural contents for each level of self-

processing in our model are summarized in Fig. 1. In the following
paragraphs, we will outline the experimental designs involved in each
of these processing levels.

1.1. Experiments on interoceptive-processing

Interoception processes internal sensory signals such as thirst, itch,

heartbeat, distension of the bladder, stomach, etc. (Craig, 2009).
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However, given the difficulty in manipulating a person’s internal phy-
sical states, currently, only a few of these fields have been sufficiently
investigated to produce relatively reliable findings. With reference to
several review studies on interoception (Brener and Ring, 2016; Craig,
2009; Tsakiris and Critchley, 2016), we’ve selected the major physio-
logical functions as representatives for interoceptive-processing: cardi-
orespiratory, gastrointestinal and urogenital functions. Specific para-
digms investigating the neural mechanisms of these functions include:
heartbeat detection/differentiation, dyspnea/hyperpnea, hunger/thirst,
gastric distension and micturition. These paradigms generally involve
some form of manipulation to elicit changes of the corresponding
physiological states so that neural activities in the different states could
be compared. In the following paragraphs, more details of the different
paradigms are introduced:

For cardiorespiratory functions, heartbeat detection/differentiation
is the most commonly adopted paradigm. This approach usually re-
quires the participants to differentiate their own heartbeat from other
tones, which investigates interoceptive accuracy (Stern et al., 2017), or
analyzes the participants’ heartrate change driven by task-induced
stress (e.g. speech preparation), investigating interoceptive sensibility
(Garfinkel et al., 2016; Suzuki et al., 2013). As compared to heartbeat,
neural mechanisms of respiration were far less investigated in espe-
cially neuroimaging studies, due to its major contribution in creating
BOLD signals artifacts (Murphy et al., 2013). Two major paradigms
currently used are dyspnea (air hunger/shortness of breath) and less
commonly, hyperpnea (hyperventilation). For example, in one study,
various levels of breathing difficulty were induced via an MRI-compa-
tible breathing circuit that presents resistive loads to the inspiratory
end (Stoeckel et al., 2015).

For gastrointestinal functions, sensory signals conveyed by the sto-
mach and the intestines contribute significantly to driving eating be-
haviors (Stevenson et al., 2015). Hunger and thirst are the two major
interoceptive sensory signals that serve such motivational function. In
hunger studies, participants were often required to differentiate be-
tween food and non-food related stimuli (visual, taste or olfactory) after
various length of fasting (Frank et al., 2010); a lesser used approach
involves comparing brain activities between fasted states and satiated
states (Haase et al., 2009). In thirst studies, participants were usually
injected with hypertonic saline to induce different levels of thirst, and
were monitored for their neural change at rest or during task (dis-
criminating beverage/non-beverage stimuli) (Egan et al., 2003). Apart
from hunger and thirst, distention from digestive organs also provides
an important source of sensory signals that contribute significantly to
satiation (Wang et al., 2008). This paradigm involves distending the
gastric volume using experimental manipulations, usually via a gastric
balloon (Wang et al., 2008) or sometimes infusion of water or other
nutrients (Camps et al., 2018).

For urogenital functions, we primarily selected the micturition
paradigm. In this paradigm, sensations from the bladder are studied via
manipulating the bladder capacity by naturally (Kuhtz-Buschbeck et al.,
2009) or manually (Mehnert et al., 2011) filling the bladder to induce
different levels of desires to void. Please note that other than micturi-
tion, genital stimulation/sexual arousal are also important fields in-
volved in interoceptive-processing. However, we didn’t include these
studies because they were generally confounded with exteroceptive
signals such as tactile (Komisaruk et al., 2011) or visual stimulation
(Parada et al., 2018).

1.2. Experiments on exteroceptive-processing

Based on our definition of exteroceptive-processing, the re-
presentation of our body via external sensory signals involves primarily
exteroceptive modalities such as visual, auditory and tactile. Therefore,
we targeted our article search on four sets of tasks: own face recogni-
tion, own body recognition, self-agency, and body ownership. These
experiments have been proposed to dissociate one’s physical existence
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from the external environment, and were discussed within the context
of “physical-self” in previous review studies (Gillihan and Farah, 2005;
Hu et al., 2016).

Images of our own face and body are the two most distinctive and
representative bodily-self signals (Blanke, 2012; Blanke et al., 2015;
Ferre et al., 2014; Hu et al., 2016; Tsakiris, 2008), which are also two of
the most extensively studied self-related stimuli (Devue et al., 2007;
Kruse et al., 2016; Platek et al., 2006; Platek and Kemp, 2009; Sugiura
et al., 2011). In these studies, the participants were required to differ-
entiate between their own photos and photos of another person, which
could be a familiar other, e.g. a friend, queen of England, etc., or a total
stranger.

While the face and body tasks involve only visual signals, our
bodily-self often processes signals from multiple modalities and has to
integrate them into a coherent sense of ownership (Seth, 2013). The
primarily used task in differentiating self-other ownership of the body is
the rubber hand illusion task. In this task, participants are induced with
a switch in the sense of ownership from their own hand, which is vi-
sually hidden but tactilely stimulated, into a prosthetic hand which is
visually seen and synchronously touched (Tsakiris, 2017).

Another important task testing integration of multiple bodily signals
of the self is agency. This task investigates the brain’s ability in the
primary distinction of bodily signals between actively initiating a mo-
tion (self-agency) and being the passive recipient of such a motion
(other-agency) (Sperduti et al., 2011). In a typical agency task, parti-
cipants could be required to perform a simple gesture (e.g. flipping of
his/her hand), or more commonly, to control an object (e.g. a joystick),
meanwhile receiving congruent or incongruent sensory feedbacks from
the motion, based on which they were required to judge whether the
motion was initiated by themselves or by external causes (Nahab et al.,
2011; Powell et al., 2009; Sperduti et al., 2011).

1.3. Experiments on mental-self-processing

For Mental-self-processing, considering the heterogeneity of stimuli
involved, we focused our article search on the following tasks: self-
other trait adjective / sentence / paragraph judgement, own name re-
cognition, autobiographical memory, object assignment and first/third
person perspective judgement.

Trait adjectives are one of the most commonly adopted approaches
in investigating social-self attributes. A standard design involves par-
ticipants judging whether a trait adjective (e.g. honest) is more related
to himself/herself, or to another person, which could be a total
stranger, a familiar other (e.g. a friend) or a public figure (e.g. queen of
England) (Buuren et al., 2010). Another similar, but more flexible form
would be to use sentences or paragraphs depicting a certain quality,
situation or personality, and participants are required to decide whe-
ther the sentences or paragraphs are more relevant to himself/herself or
another person (Modinos and Ormel, 2009).

One’s own name is a special kind of self-attribute that is also fre-
quently tested in self researches. The name is only an abstract symbol
yet it incorporates everything pertaining to the self (Tacikowski et al.,
2020). Hearing one’s own name has been found to invoke special brain
responses in EEG signals (Lechinger et al., 2016), an effect prominent in
even patients with severe disorders of consciousness (Kempny et al.,
2018). In our search, both audial and visually presented own name
recognition tasks are included.

Our selves are also shaped by our past. Autobiographical memory
tasks usually require participants to differentiate stimuli that are related
to their own past events or other people’s (Summerfield et al., 2009).
Unlike the above-mentioned tasks that rely mainly on semantic pro-
cessing, autobiographical memories usually involve episodic memories,
therefore is often tested via visual stimuli, e.g. photos (Cabeza et al.,
2004; Herold et al., 2015).

Experiments have found that our selves can also be extended by our
possessions (Belk, 1988; Kim and Johnson, 2014). Using object
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Pool of studies after the initial search
N=872

Studies involving self-other stimuli discrimination

N=641

Review articles
N=87

Not neuroimaging studies

N=55
Studies without self-other contrasts
N=146
No healthy participant results

N=102

No adult participant results
N=7

Not task-induced activities
N=7

Activation coordinates not found

N=20

Not whole-brain analysis
N=26

Face studies involving familial resemblance

N=3

Studies chosen
N=188

1
Studies involving interoceptive processing
N=231
Treated as noise instead of signal
N=3
Review articles
N=23
Not functional neuroimaging studies
N=13
Not reporting interoceptive activations
N=26
No healthy participant results
N=15

No adult participant results
N=5

Not task-induced activities
N=3
Activation coordinates not found
N=13
Not whole-brain analysis
N=26

Studies chosen
N=104

Fig. 2. The PRISMA flow chart of the article selection process. Red color indicates exclusion criterion.

assignment tasks, it is found that random objects — even meaningless
ones such as a geometric figure — when assigned to the self in an ex-
perimental setting, would automatically acquire higher preference
ratings and memory advantage (Kim and Johnson, 2014; Turk et al.,
2011), which exhibits differential neural activities than objects assigned
to another person (Kim and Johnson, 2014).

During social interactions, we constantly need to imagine “putting
ourselves in others’ shoes”. The ability to quickly switch between one’s
own view from others’ or vice versa, is crucial in a social life, and is
usually tested using the perspective taking tasks. These tasks usually
require the participants to differentiate between their own point of view
(first person perspective, 1PP) from the point of view of another person
(third person perspective, 3PP) under the same scenario, such as a si-
mulated room with various numbers of dots on the walls, or a se-
mantically depicted social event (Ruby and Decety, 2004; Vogeley and
Fink, 2003).

1.4. Aims of this study

The general aim of our study is construct a hierarchical neural
model of self, which conveys information in three levels to achieve the
integration of bodily and external environment information for the self.
For these purposes, we used the activation likelihood estimation (ALE)
approach to conduct quantitative meta-analyses on different neuroi-
maging datasets featured by experimental tasks involved in the three
processing levels respectively: heartbeat, hunger, thirst, gastric disten-
sion, dyspnea/hyperpnea and micturition for Interoceptive-processing;
face and body recognition, body ownership and agency for
Exteroceptive-processing; and trait adjective / sentence /paragraph
judgement, autobiographical memory, name recognition, object as-
signment and person perspective judgement for Mental-self-processing.
Subsequently, the single results from each of the three levels were
further compared with overlap analyses and contrast analyses for their
differential and common patterns. Based on the results of these ana-
lyses, we would eventually try to build a theoretical model for the
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neural mechanism of self. Additionally, familiarity has always been an
important confounding factor in self-studies, for many argue that the
self might be nothing more than extreme familiarity (Gillihan and
Farah, 2005; Kircher et al., 2001; Nevi et al., 2016; Qin et al., 2012;
Seger et al., 2004; Sugiura et al., 2005). In order to control for this
factor, in this study, we also performed a meta-analysis for studies in-
vestigating neural activities when processing stimuli related to a per-
sonally familiar other (e.g. a close friend, mother), and compared that
with the results of the self.

2. Methods and materials
2.1. Literature search and study selection

Articles included in this meta-analysis were collected from a lit-
erature search on Pubmed, which was concluded by February, 2020.
Search terms include keywords on general or specific aspects of self-
processing, such as “self”, “interoception”, “own face”, etc. All search
terms were combined with “fMRI” or “PET” to include only functional
neuroimaging studies. For specific terms and procedures in the search
in each level, see chapters 2.1.1 —2.1.4.

To ensure thorough coverage, reference lists of the resulting papers
from the above search, and recently published meta-analyses on the self
are also searched for missed papers (Araujo et al., 2013; Burrows et al.,
2016; Denny et al., 2012; Hu et al., 2016; Kim, 2012; Legrand and
Ruby, 2009; Martinelli et al., 2013; Murray et al., 2012; Platek et al.,
2008; Qin and Northoff, 2011; Sperduti et al., 2011; van der Meer et al.,
2010; van Veluw and Chance, 2014).

After the initial search, a total of 872 articles were found. A
screening procedure was then performed using criterion as follows:

1 Only whole brain analyses were included. Analyses based on a priori
ROIs were excluded.

2 Only healthy subjects were included. Patient results were excluded.

3 Only studies providing activation coordinates reported in a standard
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Table 1
Summary of tasks included in the various analyses.
Classification Experimental design Number of
articles
Interoceptive- Heartbeat detection 10
processing Heartrate variability analysis 17
Food vs. nonfood / attractive food vs. 24
unattractive food
Hunger vs. satiety state 5
Thirst vs. satiety state 7
Micturition 19
Dyspnea 9
Hyperpnia 3
Gastric distension 10
Exteroceptive- Self/other face discrimination 27
processing Self/other body discrimination 6
Self-initiated/other-initiated motion 21
Body ownership & rubber hand illusion 9
Mental-self- Trait adjective judgement 58
processing Self-relevance sentence judgement 23
Person perspective judgement 21
Name recognition 8
Object assignment 5
Autobiographical memory 5
Self/other judgement in other complex 5
tasks (e.g. mini gambling games or
videos)
Familiarity Face/body-recognition 14
Name recognition 5
Trait adjective judgement 11
Other tasks (perspective taking, voice 5

recognition, etc.)

space (MNI or Talairach) were included.

4 Only adult studies were included. Studies on children (aged between
0-17) were excluded.

5 Only task induced activation results were included, resting-state
functional connectivity results were excluded.

After the screening process, a total of 292 studies on the self and 35
studies on familiarity were included in the final analyses. See Fig. 2 for
the detailed article selection procedure, and Table 1 for a summary of
the tasks included in the final self-analyses.

2.1.1. Interoceptive-processing

For the Interoceptive-processing level, studies using one of the fol-
lowing tasks were collected: heartbeat, hunger, thirst, dyspnes/hy-
perpnea, gastric distension and micturition. Search terms used were:
“heartbeat” / “heartbeat counting” / “heartrate” / “heartrate varia-
bility” / “HRV” / “hunger” / “food” / “thirst” / “in” / “air hunger” /
“dyspnea” / “hyperpnea” / “micturition” / “bladder distention” / “in-
teroception”. Two recent meta-analysis studies were referenced for
missed papers (Harvie et al., 2019; Schulz, 2016). After screening,
eventually a total of 104 studies were selected. For details of all the
selected studies at this level, please see Supplementary Table 1.

2.1.2. Exteroceptive-processing

For the exteroceptive-processing level, studies of interest are task-
based experiments comparing different brain activation patterns be-
tween own-face/body recognition and other-face/body recognition, as
well as agency experiments comparing self-initiated and other-initiated
motions, and body ownership experiments involving the shift in sense
of ownership of the own body parts, e.g. rubber hand illusion. Search
terms used were: “self face” / “own face” / “self body” / “own body” /
“agency” / “self-agency” / “active passive” / “agent” / “body owner-
ship” / “rubber hand illusion”. After screening, eventually a total of 63
studies were selected. For details of all the selected studies at this level,
please see Supplementary Table 2
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2.1.3. Mental-self-processing

For the Mental-self-processing level, studies of interest are task-
based experiments comparing different brain activation patterns be-
tween self-related information and other-related information or a
baseline condition. Search terms used were: “self” / “self other” / “self-
reference” / “self-referential” / “self name” / “own name” / “self trait” /
“trait adjective” / “autobiographical memory” / “perspective taking” /
“first perspective” / “1 P P” / “3 P P”. Search results cover a wide range
of tasks including: person perspective judgement, own/other name
detection, personality trait adjective / sentence /paragraph judgement,
autobiographical memory, etc. After screening, eventually a total of
125 studies were selected. For details of all the selected studies at this
level, please see Supplementary Table 3.

2.1.4. Familiarity

For the Familiarity condition, same tasks used in 2.1.2 and 2.1.3
were also included. Studies of interest are task-based experiments
comparing different brain activation patterns between information of
personally familiar people (e.g. a close friend) and personally un-
familiar people (e.g. a stranger), or between information of personally
familiar people and self. Search terms used were: “familiarity” / “self
familiar” / “self familiarity” / “familiar other”. Search results include
tasks of face/body picture recognition, name detection, trait adjective/
sentence judgement, etc. In order to control for the confounding effect
of familial resemblance on the face, three studies were excluded be-
cause they were based on photos of family members who are related to
the subject by blood (e.g. father) (Harada et al., 2010; Ma et al., 2014;
Wang et al., 2012). After screening, eventually a total of 35 studies
were selected in the familiarity condition analysis. For details of the
selected studies, please see Supplementary Table 4.

2.2. Overview of the ALE method

We adopted the ALE approach implemented in GingerALE 2.3.6 to
perform meta-analyses in this study. The ALE approach, which stands
for activation likelihood estimation, is a widely used, automated
quantitative approach for voxel-wise neuroimaging meta-analyses
(Laird et al., 2005; Turkeltaub et al., 2002). It was first designed by
Turkeltaub in 2002, and has been adopted by Brainmap® since 2003.
This algorithm calculates the probabilities for foci (i.e. coordinates for
maximum activations) reported in the studies to be “true” convergence
across different laboratories, reflecting meaningful mental operations
rather than random clustering in the brain (Eickhoff et al., 2009;
Turkeltaub et al., 2002). The key idea is that, due to spatial un-
certainties of reported activation coordinates inherent in functional
neuroimaging studies, foci reported from individual studies should not
be considered as points, but as distribution probabilities representing
the likelihood of activation for voxels surrounding each focus
(Turkeltaub et al., 2002).

In order to calculate the distribution probability for each focus, a 3D
Gaussian function is applied so that the probability of a given focus
lying within a voxel is:

27002
e~d"/20

p= (271)1‘50-3

where d is the Euclidean distance between the center of the voxel and
the focus, and o is the standard deviation of the distribution. A
“Modelled Activation” map (i.e. MA map) is thus constructed for each
study representing all foci reported in that study, so that a meta-ana-
lysis on 10 studies, for instance, will generate 10 MA maps. Combining
all the MA maps for all the studies within an analysis, an ALE map was
then created by merging all the MA scores into ALE scores in a single
ALE map, representing the probabilities of observing activation from at
least one study in each voxel. To draw inference from the analysis, a
null distribution map is constructed by randomly drawing the same
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Table 2

Supra-threshold clusters in three levels of self-processing analysis.
# Hemi Label Brodmann Area Volume (mm"3) Peak Z Value X y z
Interoceptive-processing
1 R Insula BA13 9656 5.79 34 14 12
2 L Dorsal anterior cingulate cortex BA24 5768 5.63 0 4 48
3 R thalamus 5408 6.12 12 -14 4
4 R Parahippocampal Gyrus 1416 4.33 30 -4 —24
5 L Parahippocampal Gyrus 1216 5.71 -20 -4 -20
6 L Insula BA13 1000 4.63 —40 -2 2
7 L Insula BA13 976 4.30 -36 24 4
8 R Inferior parietal lobule BA40 728 4.37 56 -26 26
9 R Superior frontal gyrus BA8 376 4.29 4 24 48
10 L Superior temporal gyrus BA22 352 3.86 -56 6 6
11 L Postcentral gyrus BA2 232 3.91 —48 -16 32
Exteroceptive-processing
1 R Fusiform gyrus BA37 2544 6.25 48 —58 —-12
2 R Inferior frontal gyrus BA46 2520 6.72 48 40 8
3 R Premotor cortex BA9 2336 7.41 50 8 26
4 R Insula BA13 2216 5.48 40 8 0
5 L Fusiform gyrus BA19 1720 6.46 —44 —68 -6
6 R Superior parietal lobule BA7 1712 5.39 26 -72 44
7 R Postcentral gyrus BA3 1328 5.95 58 -22 38
8 R Inferior parietal lobule BA40 1320 4.67 36 -50 56
9 L Insula BA13 856 4.28 -36 18 -4
10 R Inferior occipital gyrus BA19 456 4.59 38 -80 -2
11 L Inferior parietal lobule BA40 360 3.88 —46 —-34 40
12 L Superior parietal lobule BA7 248 3.79 —22 —64 50
13 R Cingulate gyrus BA32 240 4.01 4 8 38
14 L Medial prefrontal cortex BA10 216 4.18 -6 60 22
Mental-self-processing
1 L Anterior Cingulate cortex / medial prefrontal cortex BA32/BA10 17,616 8.31 -6 48 0
2 L Posterior cingulate cortex BA31 4704 6.05 -4 —54 28
3 L Insula BA13 2584 4.89 -36 22 -2
4 L Middle temporal gyrus BA39 2240 5.06 —48 -66 28
5 L Thalamus 984 4.35 -8 2 8
6 L Superior frontal gyrus BA8 792 4.11 -20 36 46
7 Cingulate gyrus BA24 768 4.92 0 —-18 40
8 L Inferior temporal gyrus BA21 480 4.22 —-62 -6 -18
9 R Middle temporal gyrus BA39 416 4.49 54 -60 24
10 R Insula BA13 288 3.99 52 10 -6
11 L Superior frontal gyrus BA10 280 3.70 —24 50 22
12 R Premotor cortex BA6 256 3.88 46 6 24

Note: Thresholds were set at p < 0.05, FDR corrected, with a minimum cluster size of 200 mm"3. Abbreviations: Hemi—hemisphere; L—left; R—right;

BA—Brodmann area.

number of foci as in the ALE map and applying a Monte Carlo per-
mutation approach, from which all voxel values were collected into a
histogram. The values in the histogram were then used to form the null
hypothesis, with which a significance threshold can be established, so
that values from the “real” ALE map exceeding that threshold would
represent with confidence that a true convergence among studies, ra-
ther than random clustering, is found (Turkeltaub et al., 2002).

2.3. Statistical analyses

2.3.1. Single analyses

Coordinates were manually collected from the papers and coded
into 4 conditions according to criteria described in chapters
2.1.1—-2.1.4. If multiple contrasts were reported in one experiment,
only the one with the highest self-specificity would be used. For in-
stance, if an experiment reported results from both self vs baseline and
self vs other contrasts, only the self vs other contrast would be chosen.
Coordinates originally reported in TLRC space were transformed into
MNI space using the icbm2tal tool (Lancaster et al., 2007) implemented
in GingerALE 2.3.6. The FDR approach was applied to correct for
multiple comparisons. In our single analyses for each condition, clusters
were thresholded at p < 0.05, FDR corrected, with a minimum cluster
size of 200mm"3 (Burrows et al., 2016; Martinelli et al., 2013; van
Veluw and Chance, 2014).

Additionally, to differentiate self from familiarity, we also
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constructed a (general) Self-analysis as a matched condition for the
later contrast analysis between self and familiarity, combining all stu-
dies from 2.1.2 and 2.1.3. For details as well as results of this Self-
analysis, please refer to Supplementary Fig. 1 and Supplementary
Table 5.

2.3.2. Overlap analysis of the different levels of self-processing

To identify the primary regions for self-processing, after obtaining
single results from analyses of each level of self-processing, we further
performed an overlap analysis, superimposing the three results to find
the regional overlap. Because exteroceptive-processing is hypothesized
to be the link between bodily and external environment information,
there should be regions seen at this level of processing that overlap with
the other two levels, which are likely to be where non-bodily en-
vironment information is integrated with interoceptive information.
Moreover, the overlap between self and familiarity was also analyzed to
see whether and how the two are similar. These analyses were con-
ducted using AFNI. Using the 3dcalc program, we converted all non-
zero ALE values in each single image into 1, and multiplied the values
in corresponding voxels from different images, so that only clusters
with non-zero values in every image analyzed could survive.

2.3.3. Contrast analyses
In this study, we’re interested to know not only what brain regions
are involved in each level of self-processing, but also how they change
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Supra-threshold clusters in the contrast analyses between Interoceptive-processing, Exteroceptive-processing and Mental-self-processing.

# Hemi Label Brodmann Area Volume (mm"3) Peak Z Value X y z
Interoceptive-processing > Exteroceptive-processing

1 R Thalamus 3656 3.67 17 -18 3

2 L Cingulate gyrus BA24 3568 3.78 -1 -2 45

3 R Insula BA13 3024 3.49 30 11 14

4 R Parahippocampal gyrus 1400 4.11 21 -8 -23
5 L Parahippocampal gyrus 1216 4.11 -20 -6 -19
6 R Inferior parietal lobule BA40 384 3.03 56 -32 26

7 R Inferior frontal gyrus BA44 344 1.91 58 8 4

8 L Insula BA13 304 2.18 —42 -4 6

9 R Inferior frontal gyrus BA4 272 2.69 62 -4 18
10 L Postcentral gyrus BA2 224 2.09 —46 -20 32
Exteroceptive-processing > Interoceptive-processing

1 R Fusiform gyrus BA37 2168 4.11 50 —54 -13
2 R Premotor cortex BA9 2064 3.94 52 9 27

3 R Middle frontal gyrus BA46 2048 3.94 48 38 8

4 R Superior parietal lobule BA7 1672 3.67 28 —64 46

5 L Inferior temporal gyrus BA37 1664 4.11 —46 -70 -1
6 R Superior parietal lobule BA7 1184 3.11 34 —54 66

7 R Postcentral gyrus BA2 1056 3.26 58 —22 44
Exteroceptive-processing > Mental-self-processing

1 R Premotor cortex BA9 4992 3.89 51 9 28

2 R Middle frontal gyrus BA46 2744 3.89 45 40 10

3 R Fusiform gyrus BA37 2408 3.89 49 —58 -7
4 R Precuneus BA7 1840 3.89 26 —61 48

5 L Fusiform gyrus BA37 1680 3.89 —46 —64 -14
6 R Temporal parietal junction 1320 3.89 52 —-26 38

7 R Superior parietal lobule BA7 1320 3.89 39 —48 52

8 R Fusiform gyrus BA37 304 2.64 34 —82 -6
9 L Temporal parietal junction BA40 288 2.66 —48 -38 36
10 L Precuneus BA7 248 3.72 —24 —62 47
11 R Middle cingulate gyrus 232 2.79 4 8 42
Mental-self-processing > Exteroceptive-processing

1 L Pregenual anterior cingulate / medial prefrontal cortex BA32 / BA10 11,192 3.89 -7 53 -1
2 L Posterior cingulate cortex BA7/BA31 3280 3.89 -7 —50 36

3 L Temporal parietal junction BA39 744 2.18 —44 —54 32

4 L Caudate 328 2.31 -8 6 16

5 L Superior frontal gyrus BAS 248 211 -20 34 46

6 L Superior frontal gyrus BA10 224 2.60 —22 52 22
Interoceptive-processing > Mental-self-processing

1 R Insula BA13 8744 2.26 38 5 9

2 L Cingulate Gyrus BA24 5744 3.94 -1 5 42

3 R Thalamus 4936 3.94 8 —-13 4

4 R Parahippocampal Gyrus 1416 411 26 —4 -21
5 L Parahippocampal Gyrus 1168 4.11 -23 -3 -18
6 L Insula BA13 784 2.78 —40 4 2

7 R Inferior Parietal Lobule BA40 736 4.11 53 -26 29

8 R Claustrum 432 3.45 39 8 -13
9 L Precentral Gyrus BA6 200 2.20 —48 —-12 34
Mental-self-processing > Interoceptive-processing

1 L Medial Frontal Gyrus BA9 12,288 4.11 -4 57 -5
2 L Posterior Cingulate cortex BA31 2144 3.67 -1 -57 29

3 L Middle Temporal Gyrus BA39 1952 3.49 —44 —62 28

4 L Superior Frontal Gyrus BA8 640 3.10 -16 40 44

5 R Cingulate Gyrus BA24 576 2.87 4 -18 42

6 L Inferior Temporal Gyrus BA21 456 4.11 —-60 -10 -19
7 L Caudate 456 2.66 -8 4 14

8 R Superior Temporal Gyrus BA39 416 3.33 56 —58 22

Note: Thresholds were set at p < 0.05, with a minimum cluster size of 200 mm"3.

Abbreviations: Hemi—hemisphere; L—left; R—right; BA—Brodmann area.

between levels. For that purpose, we combined different approaches,
i.e. single analysis, overlap analysis and contrast analysis. In a hier-
archical system, ALE single analyses could help find brain regions un-
derlying a certain condition, and overlap analyses reveal the funda-
mental region across different conditions. Contrast analyses on the
other hand, reveal the differential brain regions between two condi-
tions, thus indicate how information propagates from one level to an-
other. Therefore, by combining the three approaches, we could find the
neural pathways through which information propagates from the in-
ternal body to the external environment in the three levels of self-
processing.

For these purposes, we performed contrast analyses on paired single
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results from the previous steps, using the subtraction method in
GingerALE 2.3.6. The following contrasts were made: Interoceptive-
processing vs. Exteroceptive-processing, Exteroceptive-processing vs.
Mental-self-processing, Interoceptive-processing vs. Mental-self-pro-
cessing, and self vs. familiarity. These contrasts compare the difference
of ALE scores between each pair of images using permutation tests, so
that a significant result indicates a cluster of voxels having significantly
higher probability of observing activations reported from studies in one
condition with respect to the other. Therefore, a single analysis reveals
brain regions that are highly relevant in a certain condition, and a
contrast analysis reveals brain regions that are more specific to this
condition with respect to another.
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Table 4

Supra-threshold clusters in the Familiarity condition, as well as the contrast analysis between self and familiarity.
# Hemi Label Brodmann Area Volume (mm"3) Peak Z Value X y z
Familiarity
1 R Posterior cingulate cortex BA31 3320 5.55 6 —54 28
2 R Ventromedial prefrontal cortex BA10 2208 5.03 6 56 4
3 L Anteromedial prefrontal cortex BA9 872 5.42 -6 56 20
4 L Dorsomedial prefrontal cortex BA8 432 4.73 -6 52 40
5 L Inferior frontal gyrus BA47 384 4.63 —48 26 -8
6 L Temporal parietal junction BA39 280 4.34 —48 —66 34
7 R Middle temporal gyrus BA21 208 3.99 64 -8 -16
Self > Familiarity
1 R Precentral gyrus BA6 2088 2.56 46 2 30
2 R Middle frontal gyrus BA46 856 2.23 44 36 10
3 R Insula BA13 336 1.93 43 3 -1
4 R Fusiform gyrus BA19 328 2.04 55 -61 -3
5 R Precentral gyrus BA6 320 2.47 50 4 38
6 R Precuneus BA7 224 2.30 24 —-74 46
7 L Middle occipital gyrus BA37 200 1.96 —48 -72 -2
Familiarity > Self
1 R Posterior cingulate cortex BA31 3976 3.89 6 -57 29
2 R Anteromedial prefrontal cortex BA9 2904 3.04 4 58 8
3 L Inferior frontal gyrus BA47 648 2.73 —48 24 -4
4 L Dorsomedial prefrontal cortex BA8 544 3.89 -5 51 38
5 R Dorsomedial prefrontal cortex BA32 384 2.79 2 28 32
6 L Temporal parietal junction BA39 352 2.93 —46 —64 38
7 R Inferior temporal gyrus BA21 208 3.54 65 -8 -17

Note: In the Familiarity condition, thresholds were set at p < 0.05, FDR corrected, with a minimum cluster size of 200 mm"3. In Self > Familiarity and
Familiarity > Self, thresholds were set at p < 0.05, with a minimum cluster size of 200 mm"3. Abbreviations: Hemi—hemisphere; L—left; R—right; BA—Brodmann

area.
The contrast analyses were performed in four steps:

1) A pair of single images were constructed using the methods de-
scribed in 2.3.1, thresholded at p < 0.05, FDR corrected, with a
minimum cluster size of 200mm"3. A mask was then created to in-
clude all significant regions in the single datasets, to limit the cal-
culations within the mask.

2) Simple subtractions were done between the paired images, sub-
tracting the ALE scores (in both directions) between each pair of
voxels in the two images, creating an A-B and a B-A difference map;

3) Permutation tests were performed to create simulated difference

scores for statistical inferences to be made. Firstly, a pooled dataset

was constructed by combining the A and B datasets and analyzed in
the same way as in 2.3.1. The pooled dataset was then divided
randomly into two simulated datasets with the same sample sizes as
in the original data. The simulated data were subtracted with each
other, creating simulated difference maps which were compared

with the true difference maps. This process was iterated for 25,000

times, from which a P value was calculated for each voxel re-

presenting where the true score sits on the distribution of values in

that voxel (Hu et al., 2016; Laird et al., 2005).

Inferences were made based on the significance of the true differ-

ence scores according to the P value map calculated in step 3. A

threshold of p < 0.05 was adopted, with an additional cluster vo-

lume threshold of 200mm"3. The P value map was converted into Z

value maps for the final output (Fisher, 1915; Laird et al., 2005).

4

-

Visualization of images was presented with Mango (Downloaded
from http://brainmap.org). Images were overlaid on a standard brain in
an MNI template downloaded from the same website. Anatomical la-
belling was done with reference to the Nearest Grey Matter MNI labels
provided by Mango.
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3. Results
3.1. Single analyses of the three levels of self-processing

For visual demonstration of the single results, please see Fig. 3.
Cluster details are listed in Table 2.

3.1.1. Interoceptive-processing

A total of 1340 foci generated from 104 studies were analyzed. The
result shows 11 contiguous clusters. As shown in Fig. 3-A, three of the
clusters were located at the insula, including two at the left anterior
insula and one at the right insula. Other regions mainly include the
dorsal anterior cingulate cortex (dACC), thalamus and bilateral para-
hippocampus gyrus.

3.1.2. Exteroceptive-processing

A total of 508 foci generated from 63 studies were analyzed. The
result revealed 14 contiguous clusters. As shown in Fig. 3-B, primary
findings include the left anterior insula, right middle insula, ante-
romedial prefrontal cortex (AMPFC), premotor cortex (PMC) and bi-
lateral temporal parietal junction (TPJ). Other clusters include typical
face-recognition regions such as right fusiform gyrus, and sensorimotor
areas such as the postcentral gyrus.

We’ve also conducted two separate analyses to verify our assump-
tion that these experiments share great some commonalities and could
be analyzed together. One is on Self-recognition, which included the
self-face and self-body recognition tasks, and the other is on Agency-
ownership, which included the self-agency and body-ownership tasks.
The results showed that the two conditions have overlaps in multiple
regions, please see Supplementary Fig. 2.

3.1.3. Mental-self-processing

A total of 961 foci generated from 126 studies were analyzed, and
12 clusters were identified. As shown in Fig. 3-C, the results primarily
include bilateral insula, as well as pregenual anterior cingulate cortex
(pACC) / AMPFC, posterior cingulate cortex (PCC), PMC and bilateral
TPJ.
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Interoceptive-processing

R-insula
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Fig. 3. Single analysis results of the three levels of self-processing. A: Interoceptive-processing; B: Exteroceptive-processing; C: Mental-self-processing. Clusters are
thresholded at p < 0.05, FDR corrected, with a minimum cluster size of 200mm"3. Abbreviations — L: left; R: right; dACC: dorsal anterior cingulate cortex; IFG:
inferior frontal gyrus; TPJ: temporal parietal junction; AMPFC: anteromedial prefrontal cortex; pACC: pregenual anterior cingulate cortex; PCC: posterior cingulate

cortex; PMC: premotor cortex.

3.2. Overlapping of the three levels of self-processing

For illustrative purposes, we superimposed the three single analysis
results onto a single brain to show the overlapped regions of the dif-
ferent levels of information processed by the self. As seen in Fig. 4, the
overlap is at the left anterior insula, and partially at the right middle
insula. Apart from that, overlaps at AMPFC and PMC, as well as a
common activation of two clusters in the left TPJ areas, are also seen in
Exteroceptive-processing and Mental-self-processing. For cluster in-
formation, please see Supplementary Table 5.

3.3. Contrast analyses among the three levels of self-processing

For visual demonstration of the contrast analysis results, please see
Fig. 5. Cluster information can be found in Table 3.

3.3.1. Interoceptive-processing vs. Exteroceptive-processing

Ten clusters survived the analysis of Interoceptive-
processing > Exteroceptive-processing. As shown in the left panel of
Fig. 5-A, results include the right anterior insula and posterior insula,
thalamus and bilateral parahippocampus. Seven clusters survived the
analysis of Exteroceptive-processing > Interoceptive-processing. As
shown in the right panel of Fig. 5-A, results primarily include the right
mid-insula, right TPJ, right PMC and right inferior frontal gyrus (IFG).
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3.3.2. Exteroceptive-processing vs. Mental-self-processing

11  clusters survived the analysis of Exteroceptive-
processing > Mental-self-processing. As shown in the left panel of
Fig. 5-B, the results primarily include the right insula, right PMC, as
well as bilateral TPJ. Six clusters survived the analysis of Mental-self-
processing > Exteroceptive-processing. As shown in the right panel of
Fig. 5-B, the results primarily include pACC/AMPFC, PCC and left TPJ.

3.3.3. Interoceptive-processing vs. Mental-self-processing

Nine clusters survived the analysis of Interoceptive-
processing > Mental-self-processing. As shown in the left panel of
Fig. 5-C, results mainly include bilateral insula, dorsal anterior cingu-
late, and thalamus. Eight clusters survived the analysis of Mental-self-
processing > Interoceptive-processing. As shown in the right panel of
Fig. 5-C, results primarily include AMPFC, posterior cingulate cortex
(PCC) and bilateral TPJ.

3.4. Familiarity

Results from single analysis of Familiarity, contrast analysis of Self
vs. Familiarity and overlapping analysis of Self and Familiarity can be
seen in Fig. 6 and Table 4. For details of the Self condition used in these
analyses, please see Supplementary Fig. 1 and Supplementary Table 6.
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3.4.1. Single analysis of Familiarity

A total of 350 foci were analyzed and revealed seven clusters. As
shown in Fig. 6-A, the results mainly include the AMPFC, PCC and left
TPJ. No clusters in the insula cortex were found.

A

Interoceptive-processing > Exteroceptive-processing

parahippocampus

R-PMC

R-insula

PACC/AMPFC

Neuroscience and Biobehavioral Reviews 115 (2020) 77-95

Fig. 4. Overlapping of the three levels of self-processing. Clusters
are thresholded at p < 0.05, FDR corrected, with a minimum
cluster size of 200mm"3. Please refer to the legends for colors
representing different levels of analysis. Abbreviations —~AMPFC:
anteromedial prefrontal cortex; TPJ: temporal parietal junction;
PMC: premotor cortex; L: left; R: right.

3.4.2. Self vs. Familiarity

Seven clusters survived the analysis of Self > Familiarity. As shown
in the left panel of Fig. 6-B, the results primarily include the right in-
sula, IFG and right PMC. Seven clusters survived the analysis of Fa-
miliarity > Self. As shown in the right panel of Fig. 6-B, the results
primarily include midline regions such as the AMPFC, dorsomedial

Exteroceptive-processing > Interoceptive-processing

PACC/AMPFC

Mental-processing > Interoceptive-processing

L-TPJ R-TPJ

o /
)
& "=

x=-51

Vo, 3

x=55

Fig. 5. Contrast analysis results of the three levels of self-processing. A: Interoceptive-processing vs. Exteroceptive-processing. B: Exteroceptive-processing vs.
Mental-self-processing. C: Interoceptive-processing vs. Mental-self-processing. Clusters are thresholded at p < 0.05, with a minimum cluster size of 200 mm"3.
Abbreviations - IFG: inferior frontal gyrus; TPJ: temporal parietal junction; dACC: dorsal anterior cingulate cortex; PMC: premotor cortex; PCC: posterior cingulate
cortex; pACC: pregenual anterior cingulate cortex; AMPFC: anteromedial prefrontal cortex; FG: fusiform gyrus; L: left; R: right.
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prefrontal cortex (DMPFC) and PCC.

3.4.3. Overlapping between Mental-self-processing and Familiarity
Overlap analysis is also performed by superimposing the Mental-
self-processing and Familiarity results onto a single brain to see the
similarity and difference between the two conditions. As seen in Fig. 6-
C, highly overlapped regions can be seen in the midline regions at the
AMPFC and PCC, as well as left IFG and TPJ. However, the insula ac-
tivities are only seen in Mental-self-processing, but not in Familiarity.

4. Discussion

In the current manuscript, a three-level processing model of the self
was proposed to illustrate how the brain integrates bodily information
and external environment information in self-processing. Within this
model, Interoceptive-processing represents the internal bodily in-
formation which is the prerequisite for the self; Exteroceptive-proces-
sing integrates internal and external sensory signals and links the body
with external environment information; and Mental-self-processing in-
troduces self-relatedness to external non-bodily stimuli such as personal
belongings and social attributes. Overall, information of bodily and
external environment is integrated for the self via propagation from
Interoceptive-processing to Mental-self-processing.

To explore the neural substrates for each level of self-processing, we
here conducted an ALE meta-analysis of neuroimaging studies. A pri-
mary finding is the overlap of the bilateral insula across all three levels,
while familiarity did not show any consistent activation in the insula.
Moreover, the Exteroceptive-processing and Mental-self-processing
analyses showed regional overlap in AMPFC, PMC, as well as a common
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Fig. 6. Familiarity analyses results. A: Single
analysis result for Familiarity. Clusters are
thresholded at p < 0.05, FDR corrected, with a
minimum cluster size of 200mm"3. B: Contrast
analysis of Self vs. Familiarity. Clusters are
thresholded at p < 0.05, with a minimum
cluster size of 200 mm"3. C: Overlapping of
Self and Familiarity. Clusters are thresholded at
p < 0.05, FDR corrected, with a minimum
cluster size of 200mm"3. Abbreviations - IFG:
inferior frontal gyrus; PCC: posterior cingulate
cortex; pACC: pregenual anterior cingulate
cortex; DMPFC: dorsomedial prefrontal cortex;
AMPFC: anteromedial prefrontal cortex; TPJ:
temporal parietal junction; PMC: premotor
cortex; L: left; R: right.

Overlap between Familiarity & Mental-Self-processing
AMPFC

involvement of the TPJ areas, and also showed more consistent acti-
vations in these regions than Interoceptive-processing. Finally, com-
pared with both Interoceptive-processing and Exteroceptive-processing,
Mental-self-processing showed more consistent findings in pACC/MPFC
and PCC, which are the crucial regions of the default-mode network.
These results indicated that from Interoceptive-processing,
Exteroceptive-processing to Mental-self-processing, the common re-
gions involved in self-processing extended from the insula, to AMPFC/
PMC/TPJ and then to PACC and PCC. These results showed a neural
pattern for self-processing that, the more external the information is
processed, the more extended the brain regions are involved (see
Fig. 7).

4.1. The overlap in the insula across all three levels of self-processing

Our finding of the consistent involvement of the insula in self-pro-
cessing suggests that its major function, i.e. internal sensory integration
/ interoceptive-processing, could be the core for the self, which is in
line with several researcher’s theories (Craig, 2009; Damasio, 2003a;
Seth, 2013; Tsakiris, 2017). Based on these theories, interoceptive-
processing could provide the foundation for higher-order self-proces-
sing.

The insula is primarily found to be an important hub in mediating
interoceptive signals (Enzi et al., 2009; Craig, 2009; Wiebking et al.,
2015a, 2015b), and different sub-divisions of the insula were found to
be involved in different functions. The insula has been proposed to have
a posterior-to-anterior progression, representing sensory signals from
primary (objective) to higher (subjective) levels (Craig, 2009). Speci-
fically, in this progression, primary (objective) sensory signals
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Fig. 7. Brain regions for each level of self-processing. Abbreviations — TPJ: temporal parietal junction; AMPFC: anteromedial prefrontal cortex; PMC: premotor

cortex; PACC: pregenual anterior cingulate cortex; PCC: posterior cingulate cortex.

ascending from gastrointestinal (as reflected in our hunger and thirst
tasks), cardiovascular (as reflected in our heartbeat detection tasks),
respiratory and general somatosensory pathways (as reflected in the
agency tasks), etc., are converged in the posterior and mid insula
(Namkung et al., 2017; Stephani et al., 2011; Uddin et al., 2017), which
are then integrated with emotional, cognitive and motivational in-
formation from other cortical and subcortical areas such as the ACC and
amygdala, and re-represented as subjective feeling states in the anterior
insula (Craig, 2009; Critchley et al., 2004).

The introduction of subjective feeling states brought upon by the
anterior insula could constitute a neural core for the awareness of a
bodily-self (Craig, 2009; Damasio, 2003a; Namkung et al., 2017; Seth,
2013; Enzi et al., 2009). Combined with our finding of its consistent
activation in all three levels of self-processing, it is possible that even in
the external environment where seemingly minimum bodily-signals are
involved, insula activities, i.e. internal sensory information, is still ne-
cessary for the external environment signals to be explicitly recognized
as self-related signals.

There have been implications of a right lateralized role for the in-
sula in self-processing (Craig, 2009). For instance, one study found that
the right anterior insula was specifically involved in own face re-
cognition with respect to familiar face or a scrambled image (Devue
et al., 2007). However, in our current analyses, no obvious laterality
can be seen for the insula activations. One possible explanation is that
the left and right insula might be specialized in different functions,
which cannot be differentiated in self-studies. For instance, the left
insula has been proposed to be more involved in positive and negative
emotions (Leibenluft et al., 2004), whereas the right insula is more
involved in bodily sensations (Craig, 2009), which has been found to be
involved in both interoception and exteroception (Simmons et al.,
2012). It is possible that the left anterior insula could be responsible for
assessing the affective element of self-related information, and the right
anterior insula could be responsible for co-representing interoceptive-
exteroceptive information. However, more studies should be performed
to verify these assumptions.

4.2. AMPFC and TPJ in Exteroceptive-processing and Mental-self-
processing

In the Exteroceptive-processing tasks, external environment signals,
which have a direct relationship with the body, have to be integrated
with interoceptive signals to build the link between the bodily and
external environment information (Park and Blanke, 2019), and
through this link, non-bodily information from the external environ-
ment could be integrated with the interoceptive signals, for the non-
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bodily information to become explicitly self-relevant. The regional
overlap in AMPFC, TPJ and PMC found between Exteroceptive- and
Mental-self-processing, as well as their higher involvement in Ex-
teroceptive-processing than Interoceptive-processing, suggests that
these regions are likely to be neural substrates for the realization of
such integration or linkage.

4.2.1. AMPFC and the self

Consistent with our findings, AMPFC activities have been found in a
wide range of self-processing tasks. In one previous review, the authors
used different approaches to compare the three subdivisions of MPFC —
the VMPFC (ventromedial prefrontal cortex), AMPFC and DMPFC, in
three different functional domains - social cognition, self-processes and
valuation, and found that the AMPFC is especially involved in self-
processing (Lieberman et al., 2019). Furthermore, lesion studies fo-
cusing on AMPFC damage has found that patients exhibit impaired self-
referential processing (Kurczek et al., 2015; Philippi et al., 2012),
conceptual self-knowledge (Marquine et al., 2016), and self-conscious
emotion (Beer et al., 2003). Moreover, another meta-analysis used lo-
gistic regression analysis in comparing differential functioning in
AMPFC and DMPFC, found that while both AMPFC and DMPFC are
involved in both self and other judgements, a stronger involvement in
self judgements is seen in AMPFC (Denny et al., 2012).

Although with such strong implications for self-processing in
AMPFC, exactly what function does the AMPFC performs within the self
is still unclear. One meta-analysis proposed that MPFC serves a function
of basic and higher-order differentiation between self and other (van
Veluw and Chance, 2014). Based on our results, we further propose that
it’s the subdivision of MPFC, the AMPFC, which specializes in this
function. Furthermore, given its presence in both bodily and non-bodily
signals, we suspect that AMPFC’s role in self-other differentiation is
basic, rather than higher-order. Analogous to the immune system, self-
other differentiation is a prerequisite in maintaining the integrity of a
living organism, and should therefore be ubiquitous in dealing with the
external world (Gonzalez et al., 2011).

Tractography studies have found fibers connecting the AMPFC/
PACC with the anterior insula (Ghaziri et al., 2017). Combined with our
findings, it is likely that the AMPFC and insula could have collaborated
into forming a preliminary distinction between self-related and non-self
signals, so as to allow for any further self-external interaction. This
explains the absence of AMPFC activity in Interoceptive-processing,
since no external information is involved in dealing with interoceptive
signals, and therefore self-other differentiation is not necessary. Based
on this hypothesis, the collaboration between the AMPFC and insula
could be a first step for our internal world to reach out, and a requisite
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for an external signal to be perceived as a self-signal.

4.2.2. TPJ and the self

The TPJ areas are also commonly involved in both the
Exteroceptive- and Mental-self-processing. The TPJ area is a sparsely
interconnected network, functionally defined from a wide variety of
higher order functions including sensory, cognitive, emotional, social
and motor levels (Eddy, 2016; Igelstrom and Graziano, 2017). Nodes
within this region include IPL, posterior superior / middle temporal
gyrus (pSTG/MTG), supramarginal gyrus (SMG) and angular gyrus
(AG) (Igelstrom and Graziano, 2017).

Consistent with our findings of the Exteroceptive-processing ana-
lysis, the TPJ activation is frequently found in tasks involving multi-
sensory and sensorimotor integration, which is essential for bodily self-
consciousness (Lenggenhager et al., 2006; Eddy, 2016). For instance,
lesion studies have found that damage to the right TPJ could induce an
“out-of-body” experience (Lenggenhager et al., 2006). TMS study also
found that disruption to the right TPJ could result in a blurred self-other
boundary of one’s own body parts (Tsakiris et al., 2008).

Structural studies have found that the TPJ is connected to the
anterior insula via the middle longitudinal fasciculus and extreme
capsule (Saur et al., 2008). Combined with our current results, it is
strongly implicated that the TPJ is responsible for integrating multi-
sensory and sensorimotor signals through collaboration with the insula,
and thus constituting a coherent sense of bodily-self (Park and Blanke,
2019). Indeed studies have found that disruption to the connectivity
between the TPJ and insula could induce “personal neglect”, in which
the individual loses awareness of the contralesional half of their body
(Commiitteri et al., 2007; Friedrich et al., 1998; Halligan et al., 2003).

However, consistent with our results that TPJ was involved in in-
tegrating the bodily and external environment information, TPJ is also
frequently implicated in the social or mental aspects of the self (Eddy,
2016). For instance, TPJ activities are frequently found in theory of
mind (TOM) tasks (Chan and Lavallee, 2015; Schurz et al., 2017) as
well as imitation and perspective taking (Schurz et al., 2013). A com-
monality of these tasks is that they all require an on-line control, i.e.
simultaneous representation, of both self and other (Santiesteban et al.,
2015, 2012; Schurz et al., 2013). For instance, using transcranial direct
current stimulation (tDCS), one research found that excitatory stimu-
lation to the right TPJ enhanced the subjects’ performance in only tasks
involving simultaneous representation of both self and other, while not
affecting tasks involving representing the self alone (Santiesteban et al.,
2012). Moreover, another study found that TMS to the right TPJ re-
duced the subjects’ bias in ingroup/outgroup punishment behaviors,
suggesting a diminished self-other boundary (Baumgartner et al.,
2014). These findings suggest that the TPJ area could serve the function
of co-representation of both self and other, rather than self-re-
presentation alone (Eddy, 2016; Santiesteban et al., 2012), so as to
allow for rapid switching between one’s own perspective and the per-
spective of another, which is crucial in a successful social engagement.

Putting it all together, the collaboration between the insula and TPJ
could serve another important role in associating our internal and ex-
ternal aspects of the self. The TPJ-insula collaboration could constitute
the bodily self-consciousness (Park and Blanke, 2019), which could
serve as the basis for further co-representation of social information
pertaining to both self and other, to enable efficient interactions with
the external world.

For a brief summary, the AMPFC, TPJ could serve differential
functions in communicating the internal and external environment
through collaborations with the insula. Based on the presence or ab-
sence of internal sensory signals conveyed through the insula, AMPFC
and TPJ could be able to discriminate between self from non-self-sig-
nals. Besides these two areas, premotor cortex is also commonly acti-
vated during both Exteroceptive- and Mental-self-processing, and
showed more activation during Exteroceptive-processing than during
Mental-self-processing. The PMC was functionally connected with the
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insula (Cauda et al., 2011), and was associated with self-identity (Park
and Blanke, 2019). This also supported our hypothesis that PMC was
involved in the integration between bodily and external environment
information.

4.3. Mental-self-processing, Familiarity and default-mode network

The direct contrast of self > familiarity revealed the crucial differ-
ence between the two, which is the insula and PMC. Insula activities are
consistently seen in the three levels of self-processing, but not in
Familiarity. This indicated that insula activities, or specifically, inter-
oceptive signals, could be the key to discriminating self from famil-
iarity. This discrimination process is likely to be carried out through the
collaboration between the insula and other areas such as AMPFC and
TPJ. The lack of insula activities in familiarity indicated that when
processing familiar signals, we rely mainly on cognitive functions.

Our results showed extensive overlaps between the self, especially
Mental-self-processing, and familiarity, in the AMPFC, PCC and left
TPJ. These are all key regions of the default-mode network (DMN).
DMN has been frequently implicated in higher resting-state brain ac-
tivities, as well as in spontaneous self-relevant thoughts (Raichle,
2015). The overlap of DMN regions between self and familiarity, in-
dicated that self-processing does indeed share quite some similarities
with familiarity-processing, and that the functions of the overlapped
regions may not necessarily be self-specific, which is highly consistent
with our previous meta-analysis (Qin and Northoff, 2011). However,
there is an additional region found in self-processing but not in famil-
iarity, which is the pACC. This finding is also consistent with our pre-
vious meta-analysis (Qin and Northoff, 2011). PACC is adjacent to
AMPFC, which has an anatomical connection with the insula, and is
more robustly involved in Mental-self-processing than in Exteroceptive-
and Interoceptive-processing. These findings suggested that pACC could
collaborate with AMPFC to form the pathway through which non-
bodily external stimuli are incorporated with bodily signals, to be at-
tributed with self-relatedness. Note that in the current results, although
PACC is visually seen in the Mental-self-processing results, it did not
survive the contrast of Self > Familiarity. One possible explanation for
this discrepancy may be that there is also a certain degree of involve-
ment of pACC activities in familiar stimuli, given that self-relevance
could sometimes accompany personal familiarity (Cross et al., 2011;
Han and Humphreys, 2016; Markus and Kitayama, 1991).

Another region to be mentioned is the TPJ, which showed high
involvement in the single analyses of both self and familiarity. On the
other hand, contrast analyses showed that the right TPJ was more in-
volved in the self than familiarity, while left TPJ was more involved in
familiarity than the self. This is supported by the previous studies, in
that right TPJ was involved in self-other distinction (Santiesteban et al.,
2015, 2012; Schurz et al., 2013) while left TPJ was involved in rea-
soning others’ beliefs, intentions and desires (Gallagher et al., 2000).
Furthermore, although both Mental-self-processing and Exteroceptive-
processing showed consistent activation in the right TPJ in single
analyses, in contrast analyses, Exteroceptive-processing showed higher
activation probability than Mental-self-processing. This indicated that
right TPJ may be more involved in the Exteroceptive-processing than
Mental-self-processing. Furthermore, PCC is also shown in both Mental-
self-processing and familiarity. PCC may be involved in more general
cognitive functions, such as episodic memory retrieval and visual-spa-
tial imagery (Cavanna and Trimble, 2006; Raichle and Raichle, 2001;
Wagner et al., 2005). Combining previous findings and the current re-
sults (Qin and Northoff, 2011), we suspect that the representation in
PCC might be general, i.e. not specific for either self or familiarity. All
the results showed regional overlapping between familiarity and self
were based on the studies adopting stimulus-induced amplitude change.
New methods, such as task-induced change of cortical activity space
(Ponce-Alvarez et al., 2015) or trial-to-trial variability (He, 2013),
could be helpful to discriminate self from familiarity even in their
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common regions.
4.4. The neural model of the self

Based on the above results, we hereby provide neural evidence for a
three-level-self model, which highlighted a gradient pattern of self-
processing from the internal body to the external environment:
Interoceptive-processing (the internal level, integrating interoceptive
information), Exteroceptive-processing (the middle level, the link be-
tween interoceptive and external environment information), and
Mental-self-processing (the external level, collecting self-related non-
bodily information from the environment to be integrated with inter-
oceptive information through Exteroceptive-processing). In this model
the Interoceptive-processing, with the insula as a core hub, serves as the
prerequisite for self-processing, by integrating sensory signals from
major survival-based physiological functions, such as cardiovascular
and gustatory signals from subcortical areas like the thalamus; the
Exteroceptive-processing, with participation of primarily the AMPFC,
TPJ and PMC in addition to the insula, links our internal body to the
external non-bodily environment. Finally, Mental-self-processing, in-
troduces self-relatedness to external non-bodily stimuli by recruiting
even more extensive brain regions such as the VMPFC, DMPFC and
PCC, in addition to insula, AMPFC and TPJ. That allows for the in-
tegration between internal and external environment information for
the self which results in the mental level of self, i.e., mental self.
According to this model, Mental-self-processing is grounded upon the
incorporation of Interoceptive-processing and Exteroceptive-proces-
sing, to attribute self-relatedness to non-bodily external stimuli, and
involves extensive neural activities throughout the brain.

Finally, one may wonder whether there is a common mechanism, a
“glue” or “common currency” underlying the different levels of self-
processing (Northoff et al., 2019). There could be such a mechanism
provided by the differential temporo-spatial dynamics within the dif-
ferent levels and their corresponding brain regions (Northoff and
Huang, 2017; Northoff and Stanghellini, 2016). If so, one would expect
the temporo-spatial features of the resting state in the above mentioned
regions and levels to transform in somewhat corresponding temporo-
spatial features on the different levels of self-processing. Such temporo-
spatial theory of self (Northoff and Huang, 2017; Northoff and
Stanghellini, 2016) and self-consciousness (Northoff and Huang, 2017)
remains to be tested though.

4.5. Relation between our model and previous concepts of self

It is necessary to discuss the relationship between the current self-
model and other important concepts of self. First, William James’ ac-
counts of the “Me” (self as object) and the “I” (self as subject) discussed
different natures of the self (James, 1890). Self as object accounts for
attributes related to or characterizing the own self, which is ingrained
in certain contents. Based on the content, it can be represented as
bodily self, autobiographical self, social self, and so on (Northoff,
2016a; Sui and Gu, 2017). It has been proposed that most current
paradigms investigating the self reflect self as object (Sui and Gu,
2017), since in these paradigms, self-related stimuli are observed from a
reflective/introspective angle (e.g. my face, my personality) and are
highly content dependent. Although in everyday life, interoceptive-
signals are mostly processed implicitly, which is also the case in some of
the Interoceptive-processing tasks, self-processing in tasks like heart-
beat counting should also be seen as reflecting self as object. On the
other hand, self as subject refers to “being an agent” that experiences
itself and the external environment, which is strongly related to self-
consciousness, the consciousness of oneself and its’ relationship with
surrounding environments (Northoff, 2016a). We consider the self as
subject to underlie all self-processing. Therefore, self as subject should
be present in Exteroceptive-processing and Mental-self-processing
while Interoceptive-processing is implicit, could not be sufficient by
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itself for an explicit self as subject.

Our three-level-self model is different from Damasio’ theory about
the self which also includes three levels. In his model, the “proto self”
generates primordial feelings, which is largely subconscious and pro-
vides the grounding for the higher levels of self; the “core self” re-
presents the transient relationship between an individual and the sur-
rounding environment; the “autobiographical self” represents the
fundamental sense of self, which requires working and long-term
memory (Damasio, 2003b). Like his model, our model is a gradient-
based model; however, the different steps are not identical. Within our
model, the three levels of self-processing are discriminated according to
the relationship between bodily and external environment information.
For example, Interoceptive-processing purely involves interoceptive
information; Exteroceptive-processing involves external stimuli which
have a direct relationship with the organism, i.e. face photo or objects
in congruent motion with the body; Mental-self-processing involves
non-bodily related external environment stimuli, i.e. a geometric figure.
Whether and how our three levels of Interoceptive-, Exteroceptive-, and
Mental-self processing correspond to Damasio’s three levels of self, i.e.,
proto-self, core self, and extended self, remains open to future con-
ceptual investigation.

Self-referential processing and self-related processing are also fre-
quently discussed in the literatures about the self (Christoff et al., 2011;
Northoff, 2011). Self-referential processing is the explicit processing
where a person is aware that specific contents are related to him/her-
self, and can lead to self-reference effect (Christoff et al., 2011;
Northoff, 2011). For the current model, self-referential processing is not
likely to underlie the primarily implicit Interoceptive-processing. For
Exteroceptive-processing, it is possible that self-referential processing is
involved, as reflected in the “mirror tests”, a common way to detect
self-awareness (Anderson, 1984). Finally, Mental-self-processing is in-
volved in the self-reference tasks (i.e., self-related trait judgment), and
should mainly involve self-referential processing. As for self-related
processing, although Christoff and colleagues suggested that it is in-
terchangeable with self-referential processing (Christoff et al., 2011),
we here prefer to make a distinction between these two. Self-related
processing may reflect the basic relationship between stimulus and the
self, which is independent of awareness and should be implicit and
automatic (Northoff, 2016a, 2016b, 2011). All the three levels of self-
processing in the current model could involve self-related processing,
since interoceptive-processing is mostly automatic and implicit, and
implicit processing has also been found to be involved in recognition of
one’s own face (Exteroceptive-processing) (Wojcik et al., 2018) and
own name (Mental-self-processing) (Qin et al., 2010).

4.6. The three-level-self model and predictive coding

Our self-model is highly compatible with the predictive coding
model, which in recent years has gained increasing attention (Friston,
2010) in explaining the neuronal and computational basis of brain
functions such as perception (Barrett and Simmons, 2015) and con-
sciousness (Seth et al., 2012). Following the free-energy principle, the
predictive coding theory posits that the brain processes information in a
hierarchical structure, where in each level, top-down predictions and
bottom-up inputs are compared and iterated to minimize (explain
away) the discrepancy, i.e., free energy between them (prediction er-
rors) (Friston, 2010). Self-models have also been proposed under the
predictive coding account (Apps and Tsakiris, 2014; Limanowski and
Blankenburg, 2013). For instance, one paper discussed the predictive
coding account of a minimal-self, which is the basic, pre-reflective ex-
perience of a bodily-self, to be the emergent result from optimizing
predictions about the sensory consequences of events occurring in the
environment (Apps and Tsakiris, 2014). The optimization is done by
dynamically updating its predictions based on prediction errors be-
tween the predicted and actual sensory outcomes (Apps and Tsakiris,
2014).
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Our hierarchical self-model fits well with these theories, and pro-
vides a more comprehensive framework with strong neural evidence for
various levels of self-processing. Combining the predictive coding
theory and our three-level model, it is possible that the self-relatedness
of any given signal is constituted by being processed through an
Interoceptive- to Mental-self-processing hierarchy, by iteratively com-
paring the signals with the predicted self-relatedness of that signal, and
dynamically updating the predictions to minimize the prediction errors,
resulting in both bottom-up and top-down modulations. At the inter-
oceptive-processing level, interoceptive signals are compared with the
initial predictions of self-relatedness, which, being encoded in the
spontaneous activity’s spatiotemporal structure (Duncan et al., 2015;
Huang et al., 2016; Wolff et al., 2019), are likely to come from early
experiences such as before birth (Duncan et al., 2015). Since these early
experiences comprise mainly of interoceptive signals (Murphy et al.,
2017), these predictions should be highly consistent, or even reliant on
interoceptive signals, and should encounter relatively small prediction
errors. Then at the second level, Exteroceptive-processing, the incoming
external sensory signals bring in larger prediction errors, thus requiring
predictions to be updated and expanded, hence recruiting more ex-
tended brain areas as we show in our data on the second level. At this
level, implicit processing may become explicit. For instance, in an
agency task, external sensory signals that have high consistency with
prior predictions would be explicitly perceived as self-related (e.g. “my
arm is moving”), whereas signals that do not match these predictions
(e.g. without simultaneous incoming proprioceptive signals) would be
explicitly judged as non-self-related (e.g. “an arm is moving”) (Asai,
2017). Furthermore, since predictions at this second more exteroceptive
level are built on predictions from the previous interoceptive level,
alterations in Interoceptive-processing could, in turn, affect and shape
Exteroceptive-processing as it has indeed been supported by previous
evidence (Aspell et al., 2013). Similarly, predictions in the Mental-self-
processing level have to be updated and expanded from predictions in
the previous intero- and exteroceptive levels to account for the ever
larger prediction errors brought upon by the growing complexity of
non-bodily external information, thus recruiting even more brain re-
gions as we show in our data on the Mental-self-processing level.

The predictive coding account is also consistent with our previous
theory that a “rest-self overlap” underlies brain activities, where
resting-state activities in primarily the midline regions overlap with
self-processing, and could predict different degrees of self-relatedness of
incoming signals (Bai et al., 2016; Northoff, 2016b, 2013, 2011). As
based on most likely prior and early life events (Duncan et al., 2015)
combined with the early interoceptive inputs from the body, these
resting-state activities may encode and thus incorporate self-related
information (Northoff et al., 2011). That self-related information en-
coded in resting-state activity (in spatiotemporal terms) (Northoff,
2016a) may be recruited in yielding predictions of self-relatedness of
potentially incoming intero- and exteroceptive stimuli. Being exposed
to the respective stimuli and processed through the above described
iterative hierarchical three-level structure, will then update the pre-
dictions of self-relatedness of the respective stimuli through their pre-
diction errors. At the same time, the prediction errors may also modify
the underlying spontaneous activity’s spatiotemporal structure through
stimulus-rest interaction, by means of which the more temporally
continuous self-related information is also modified and adapted
(Northoff et al., 2010; Schneider et al., 2008). While both lines of
processing, predictive coding of self-related stimuli (Apps and Tsakiris,
2014; Seth and Tsakiris, 2018) and enhanced stimulus-rest interaction
of self-related information (Schneider et al., 2008) have been demon-
strated on separate grounds, future studies are needed to converge and
combine them within one experimental design. Our three-level hier-
archical model with the continuous spatial extension of different levels
may offer an empirically plausible framework for doing so.
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4.7. Implications for mental disorders

Schizophrenia is frequently associated with a self-disorder (Parnas
and Zandersen, 2018). One of the most prominent symptoms in schi-
zophrenia is hallucinations, and we believe that some hallucinations
with schizophrenia are likely to be results of Exteroceptive-processing
malfunctioning. Based on our model, Exteroceptive-processing involves
brain regions such as the insula, AMPFC and TPJ, and lesions to these
regions could result in failure of explicit recognition of the normal in-
ternal source of a sensory signal, hence denial/rejection of its self-re-
levance. There has indeed been evidence showing abnormal activities
in these regions in auditory hallucinations (Jardri et al., 2011). Com-
bined with our model, Exteroceptive-processing malfunctioning in the
anterior insula and AMPFC or TPJ, might have an abnormal interaction
with regions such as the auditory cortex, causing a failure in recogni-
tion of the internal source of the sound (someone is speaking to me)
(Northoff and Qin, 2011). Besides hallucinations, delusional thoughts
are another common symptom in schizophrenic patients. They have
been found to have abnormal neural characteristics in the insula, TPJ
(Huber et al., 2018), AMPFC (Gao et al., 2015), as well as ACC
(Palaniyappan and Liddle, 2012) and dMPFC (Menon et al., 2011).
Based on our model, as well as the predictive coding account, delusions
could be a result of Mental-self-processing malfunctioning, where
slight, but extensive alterations in the predictions of self-relatedness
propagated from above regions, result in biased selection of signals that
they perceive as self-related (e.g. a random glance from a passer-by
could be perceived by the patient as being spied on) and eventually lead
to false judgements and delusional thoughts (someone is out to get me).

Autism has also been found to have problems with the self, as re-
flected in the mirror-self tests (Carmody and Lewis, 2012; Dawson and
McKissick, 1984; Lind and Bowler, 2009), and self-referential tasks
(Grisdale et al., 2014; Lombardo et al., 2007; Toichi et al., 2002).
Autism has frequently been associated with interoceptive abnormality
(DuBois et al., 2016; Fiene and Brownlow, 2015; Garfinkel et al., 2016;
Quattrocki and Friston, 2014), as well as the insula mal-functioning
(Ebisch et al., 2011; Uddin and Menon, 2009). Combined with our
model, the abnormal performance in self-recognition, i.e. the mirror
test, could be originated from the atypical development in Inter-
oceptive-processing, which could eventually propagate and extend to
Mental-self-processing, presented as poor social skills that have been
the “hallmarks” of this population.

4.8. Limitations

One issue should be noted. Many of our discussions on inter-
oceptive-processing are based on experiments using heartbeat detection
tasks, which has been used as an indicator for interoceptive abilities
(Domschke et al., 2010; Schauder et al., 2015). There was evidence
supporting this. For instance, subjects’ performance in the heartbeat
detection/counting tasks has been found to be correlated with other
modalities in interoception (Herbert et al., 2012). However, there have
also been concerns about this. For instance, it has been found that both
immediate and delayed feedback could significantly improve accuracy
in heartbeat detection, indicating that subjects’ performance could be
influenced by non-sensory processes, such as their own believes or
knowledge (Ring et al., 2015). Another study found that the inter-
oceptive accuracy scores obtained in the heartbeat detection task has a
low correlation with actual heartbeats, and could not distinguish sub-
jects with high or low performance, indicating that the ability shown in
heartbeat detection tasks might not reflect true interoceptive ability
(Zamariola et al., 2018). In the current study, we included various in-
teroceptive functions to address the above issues. However, some ex-
periments about interoceptive-processing were based on heartbeat de-
tection tasks in our meta-analysis. Therefore, conclusions derived from
these studies should be viewed with caution. More studies adopting
other interoceptive approaches should be performed in the future to
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address this issue.
5. Conclusions

The current analyses showed that the insula activation is involved in
all three levels of self-processing, indicating that integrated internal
sensory signals could be the key underlying self-processing. The sche-
matic model built upon our current data shows a gradient pattern for
self-processing, in which the Exteroceptive-processing serves a crucial
function in linking the internal and external world. However, exactly
how this coordination is performed in our brain requires further ex-
periments. Our study provides a unified theoretical framework for self-
processing that can be a roadmap for future studies in other disciplines.
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