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Abstract

Growing evidence suggests that cognitive maps represent relations between social knowledge similar to how spatial locations are
represented in an environment. Notably, the extant humanmedial temporal lobe literature assumes associations between social stimuli
follow a linear associative mapping from an egocentric viewpoint to a cognitive map. Yet, this form of associative social memory
does not account for a core phenomenon of social interactions in which social knowledge learned via comparisons to the self, other
individuals or social networks are assimilated within a single frame of reference. We argue that hippocampal–entorhinal coordinate
transformations, known to integrate egocentric and allocentric spatial cues, inform social perspective switching between the self and
others. We present evidence that the hippocampal formation helps inform social interactions by relating self vs other social attribute
comparisons to society in general, which can afford rapid and flexible assimilation of knowledge about the relationship between the
self and social networks of varying proximities. We conclude by discussing the ramifications of cognitive maps in aiding this social
perspective transformation process in states of health and disease.
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Introduction
Allocentric dimensions are commonly used in both psychology
and neuroscience, but have significantly different meanings. In
experimental psychology and neuroscience, allocentric process-
ing stems from Tolman’s cognitive map, where the relative loca-
tions of phenomena in their everyday environment are stored in a
mental model (Tolman, 1948; O’Keefe and Nadel, 1978; Gallistel,
1990). The cognitive map has been applied with great success
in the neurobiology of spatial cognition, where allocentric pro-
cessing in spatial cognition entails maintaining a mapping of the
relative locations of different stimuli in a physical environment
(O’Keefe and Nadel, 1978). Consequently, spatially tuned neu-
rons, mainly in the hippocampal–entorhinal system, transform
different spatial cues from relative, egocentric spatial coordi-
nates to absolute, allocentric coordinates within an environment
(Hartley et al., 2013). In contrast, allocentrism in social psychology
is thought to signify having one’s attention and actions centered
on others over themselves (Triandis et al., 1985). Allocentric cod-
ing in social cognition may be further developed in the context
of social networks and constituent psychological distances based
on aspects like intimacy, affiliation, power or preferences (Trope
and Liberman, 2010; Parkinson et al., 2014; Dunbar, 2018). In
this context, the relation between the distance of the self and
others would be egocentric, while the distances reflecting how

other people relate to both the self, social networks and soci-
ety would be allocentric (Peer et al., 2021a). Notably, this type
of social allocentrism remains little explored at the neural level
and unlike spatial coding it is unclear whether allocentric coding
in the social domain is completely detached from a first-person
reference frame. Despite the lack of contemporary findings, Tol-

man’s original conception of cognitive maps also incorporated

the social psychology view of prioritizing others over the self

(Tolman, 1948). Given the complexity of human social networks

and storing related knowledge, maintaining an internal model of
the social world would be advantageous. We argue that transfor-
mation of egocentric and allocentric spatial cues primarily by the
hippocampal–entorhinal system makes it ideally placed to help
assimilate knowledge about the preferences of the self and oth-
ers to flexibly make social comparisons in the prosocial world
(Figure 1).

Following the award of the 2014 Nobel Prize in Physiology and
Medicine for the discovery of allocentric mapping of physical

space by grid cells in the medial entorhinal cortex and hip-

pocampal place cells, recent cognitive neuroscience findings have

linked cognitive maps in the hippocampal formation (including
the entorhinal cortex) to more abstract domains in the brains
of model organisms (Aronov et al., 2017; Sarel et al., 2017) and
humans (Constantinescu et al., 2016). This emerging research line
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Fig. 1. Common reference point usage along one dimension in spatial and social tasks. Illustration highlights similar alignment to spatial and social
points of reference for one dimension during spatial navigation in a city and a social decision in a restaurant (Overhead city image taken by Åge
Hojem/Trondheim Havn).

has now expanded to the social domain, where hippocampal cod-
ing of social variables like the location of others is investigated
at the level of single neurons in model organisms (Danjo et al.,
2018; Omer et al., 2018). In parallel, research investigating the role
of the human hippocampal–entorhinal system in social cognition
has found abstract hippocampal mapping of power and affilia-
tion for different individuals (Tavares et al., 2015), hippocampal–
entorhinal transformation of relatively learned social attributes
to an absolute scale (Kaplan and Friston, 2019), along with hip-
pocampal distance and entorhinal grid-like coding of a 2D social
hierarchy (popularity and competence) structure (Park et al., 2020,
2021). Taken together, this mounting evidence implicates the hip-
pocampal formation, a region putatively associated with declara-
tive memory, in playing a key role in social cognition (Hitti and
Siegelbaum, 2014; Montagrin et al., 2018; Schafer and Schiller,
2018a; Leblanc and Ramirez, 2020).

The human hippocampal formation in
social cognition
Despite advances linking the hippocampus and surrounding brain
regions to social cognition, the specific contribution of this region
to social behavior is not well understood. Building on the role
of the hippocampus in memory and spatial navigation, the hip-
pocampal formation has been linked to remembering interactions
with others (Moscovitch et al., 2016), recalling social hierarchies
(Kumaran et al., 2012, 2016; FeldmanHall et al., 2021), investigating
the influence of episodic memory on recalling and maintaining
social networks (Stiller and Dunbar, 2007; Davidson et al., 2012),
maintaining shared group knowledge (Hirst et al., 2018) andmain-
taining the spatial location of other individuals (Stangl et al., 2021).
Further neuroimaging work has built on findings about memory
for social networks by focusing on hippocampal-dependentmem-
ory for social hierarchies (Kumaran et al., 2012, 2016). In these
studies, Kumaran et al. (2012), (2016) found that the hippocampus
maintains the rank of different individuals in a social hierarchy.
Yet, the role of the human hippocampus in ‘social memory’ is

not limited to remembering who is important in social hierar-
chies. Rather, it can be extended to ‘person memory’ which is
general information about a person such aswhether an individual
treated you well or poorly in the past (Srull and Wyer, 1989). Like-
wise, in a social decision-making task where participants needed
to make decisions about whether specific individuals would treat
them well or not, FeldmanHall and colleagues(2021) found that
the hippocampus was sensitive to adaptive vs maladaptive social
choices. Notably, this work highlights a hippocampal role in social
memory, similar to what is been observed in rodents (Hitti and
Siegelbaum, 2014; Leblanc and Ramirez, 2020). Still, the afore-
mentioned findings do not appear to directly relate to the hip-
pocampus’ putative role in spatial navigation. Linking memory
for social networks to navigation tasks, a study by Tavares et al.
(2015) extended these ideas further by uncovering a hippocampal
role in learningmultidimensional (2D) social hierarchies/rankings
for which the two dimensions were power and affiliation. How-
ever, how this data related to construction of cognitive maps and
map-like distance coding in a more general manner was unclear.
Addressing this issue, Park et al. (2020) trained participants to
learn a 2D social hierarchy defined by two independent dimen-
sions of popularity and competence that could be reconstructed
after learning the outcomes from a series of binary decisions
along a single dimension, where two dimensions were learned
on different days. Crucially, the true 2D hierarchies were never
shown to participants, but could be reconstructed via transitive
inference across one dimension after a session, and between two
dimensions across days. Using functional magnetic resonance
imaging (fMRI), the authors demonstrated that the hippocampus
maintains and updates an integrated map of a social hierarchy
structure across the two dimensions with an entorhinal contri-
bution coding the distance between key individuals, which was
also observed in medial prefrontal cortex (mPFC). Furthermore,
the hippocampus reinstated the social hierarchy structure coded
by the entorhinal cortex, pointing to the integrative function of
the hippocampal–entorhinal circuit in assimilating social knowl-
edge. A subsequent fMRI study by Park et al. (2021) using the same
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2D social hierarchy task found evidence for grid cell-like coding
in entorhinal cortex, mPFC and the posterior cingulate cortex for
inferred direct trajectories over the implicitly learned 2D social
space during decision-making (see reviews by Boorman et al.,
2021; Russin et al., 2021 for more information). These two stud-
ies by Park and co-authors highlight howhippocampal–entorhinal
cognitivemap-like coding could help guide social learning in coor-
dination with more traditionally studied social brain networks.
By incorporating a learning component and flexible comparisons
between individuals in their tasks, Park et al. (2020) observed
hippocampal–entorhinal involvement in encoding relative dis-
tances between individuals in social networks where previous
studies had primarily found parietal midline, temporoparietal
junction (TPJ) and prefrontal cortex involvement in similar tasks
(Parkinson et al., 2014; Hayman and Arzy, 2021; Peer et al.,
2021a). Still, it remains to be seen whether these sorts of mech-
anisms are domain-general or if spatial neural coding mecha-
nisms uniquely inform social cognition relative to other cognitive
domains.

Paralleling fMRI findings in conceptual knowledge
(Constantinescu et al., 2016; Theves et al., 2019), odor (Bao et al.,
2019) and semantic(Viganò and Piazza, 2020) 2D spaces, the few
studies examining hippocampal–entorhinal coding of social hier-
archies in 2D (Tavares et al., 2015; Park et al., 2020) have focused
on purely associative spaces. In associative social spaces, an indi-
vidual with two social characteristics (e.g. power and affiliation)
is associated with coordinates in a continuous map of a social
hierarchy, which builds on a rich literature of power and affil-
iation in social learning (see Magee and Galinsky, 2008; Fiske,
2010 for reviews). Research focusing on hippocampal mainte-
nance of a one-to-one linear relationship between an individual
and their 2D position in a social hierarchy map, extends the well-
known role of the hippocampus in associative memory encoding
along continuous dimensions (Eichenbaum and Cohen, 2014).
These studies demonstrate that distance can be represented as
a domain-general metric in the brain (Parkinson et al., 2014; Peer
et al., 2015), but the hippocampus appears to only be engaged
when there is an associative memory component (Schiller et al.,
2015). The necessity of a hippocampal-dependent mnemonic
component to the task is further supported by recent findings
from Lau and colleagues (2020) which showed that structure
learning using category learning and overtraining, task demands
typically not associated with hippocampal learning processes,
primarily engages insula instead of the hippocampus. Compar-
ative evidence showing structure learning of novel individuals’
preferences within social group structures that could be reflected
in hippocampal cognitive maps is still missing. Indeed, relational
spaces of social knowledge can be helpful in guiding prosocial
behavior, but they lack a key capacity of cognitive maps that
would afford flexible social memory and decision-making. In cog-
nitive maps of physical space, spatial information coded within
an egocentric reference frame is typically mapped in a non-linear
fashion to their location in an environmental/allocentric refer-
ence frame (Burgess, 2006). Non-linear transformation of spatial
cues involves translating spatial coordinates that could be in the
top left of an egocentric viewpoint and in the center of an allocen-
tricmap, where the spatial coordinates are not a one-to-one linear
mapping between reference frames (e.g. coordinates multiplied
by two). Rather, themapping between reference frames could be a
logarithmic ormore complex transformation of coordinates. Con-
sequently, a non-linear transformation process affords efficient
and flexible remapping in response to environmental changes
(Burgess, 2006; Hartley et al., 2013). Given the emerging role of

cognitive maps in representing non-spatial knowledge (Schiller
et al., 2015; Kaplan et al., 2017a; Behrens et al., 2018; Bellmund
et al., 2018), might similar flexible non-linear remapping pro-
cesses in the human hippocampal–entorhinal system support
transformations of abstract knowledge learned within one ref-
erence frame to another frame of reference? If these sorts of
computations are domain-general, it could allow for the rapid
and flexible relation of different social perspectives like value sys-
tems between one’s own egocentric perspective and many others
at different levels of familiarity.

Reference frame transformations in abstract
domains
Despite the capacity of cognitive maps to flexibly translate mul-
tidimensional information between reference frames, there is
limited evidence of non-linear transformations in human abstract
cognitive mapping studies (however see Aronov et al., 2017; Omer
et al., 2018; Danjo et al., 2018 for evidence in model organisms).
One human neuroimaging study investigated these non-linear
transformations in a 1D space of different individuals’ social pref-
erences by having participants learn a stranger’s preference for
an everyday activity relative to one of three personally known
individuals and subsequently decided how the stranger’s prefer-
ence related to the other two individuals’ preferences (Figure 2;
Kaplan and Friston, 2019). Making the non-linear transformation
from social preferences presented in a relative reference frame
(themselves or a familiar reference individual) to an absolute
(allocentric) one, entorhinal and hippocampal subiculum signals
reflected the absolute distance between the ratings of the stranger
and the familiar choice options, particularly when preferences
learned relative to other individuals need to be related back to
the self (Figure 2). Kaplan and Friston (2019) findings suggest that
human entorhinal cortex and hippocampal subiculum, which are
known to integrate egocentric and environmental spatial cues
during navigation (Hartley et al., 2013), also help people relate
others’ social preferences from multiple reference points to their
own. It is important to note that the authors did not test whether
this one-dimensional transformation of abstract knowledge was
specific to social knowledge, or how it might extend to multi-
ple dimensions. Notably, there is some behavioral evidence that
non-linear transformations of abstract knowledge from an ego-
centric reference frame to an absolute one can be made along
two dimensions. Kuhrt and colleagues (2021) used immersive
virtual reality technology to test whether people can navigate
abstract knowledge in the same way that they navigate the phys-
ical world. Crucially, the abstract knowledge was organized in a
collection of different shapes of varying shades that were system-
atically controlled for visual input (e.g. luminance, optic flow).
The authors found that participants learned to navigate using
a first-person perspective and formed accurate representations
of the abstract space. Navigation in the quantity space resem-
bled behavioral patterns observed in navigation studies using
environments with natural visuospatial cues, where non-linear
transformations between the participant’s first-person viewpoint
and a cognitive map of the abstract environment were made.
Taken together, these studies represent promising first steps in
determining how hippocampal–entorhinal non-linear transfor-
mations between egocentric and other reference frames could
allow humans to flexibly and rapidly switch between using differ-
ent points of reference when gathering various types of abstract
knowledge.
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Fig. 2. Social coordinate transformations by the human
hippocampal–entorhinal system. A) In (Kaplan and Friston, 2019),
subjects were instructed to choose a friend. Subsequently, subjects
rated from 1–9, on a 0–10 scale, how likely (likelihood) they (self), a close
friend (friend) and the typical person (canonical) were to partake in a
variety of everyday scenarios (e.g. eat spicy food, read a book, cycle to
work), as well as subjective confidence ratings on a 1–5 scale. To allow
for strangers with more extreme ratings than the familiar individuals in
the fMRI paradigm, subjects were restricted to rating between 1 and 9.
During a forced-choice fMRI task, subjects made a decision on the
relative proximity of a stranger’s likelihood rating for an everyday
scenario relative to the likelihood ratings for the self, friend and
canonical individuals for that same scenario. On each self-paced trial,
subjects viewed a personal preference for a new stranger presented
relative to one of the known individuals’ initials on a number line (the
anchor individual). Subjects had to determine which one of the two
remaining familiar individuals was closer to the stranger’s rating.
Crucially, the anchor individual (e.g. ME= self; MN= canonical ‘Mr./Ms.
Normal;’ JD= friend’s initial) was always placed in the middle of the
scale, ensuring that subjects had to use memory of their ratings made
before fMRI scanning to infer the stranger’s absolute preference relative
to the anchor’s true rating and the ends of the number line.
Additionally, subjects were instructed that the number line ranged from
0 to 10. For example, if the stranger was three-fourths to the right of the
anchor with a rating of 9, the participant would infer that the stranger’s
rating was three-fourths of the way between 9 and 10 (the right
boundary of the scale). Notably, the numbers on the scale were not
visible during the task. B) Top illustration shows an ambiguous, less
discriminable choice, while the bottom illustration shows a
straightforward, highly discriminable choice. We quantified the
difficulty of discriminating a particular choice by fitting a formal signal
detection model, based on the absolute distance between the two choice
individuals on the scale and how confident subjects were in their ratings
(e.g. comparing the stranger’s rating, represented by the blue avatar,
with their rating for their friend and the canonical individual).
Subjective confidence was represented by the standard deviation for
each rating (e.g. curve width in the illustrations), where lower
confidence entails higher standard deviations, and helped account for
the influence of memory on choice behavior. Center. Illustration of how
the stranger’s rating is inferred by mentally rescaling the anchor
individual’s rating from its perceived relative position on the screen (5),
to its absolute position (participant’s rating) on the preference scale.
Bottom. Entorhinal/subicular region exhibiting an effect of absolute
distance between the preferences of different familiar individuals
circled in turquoise. For visualization purposes, entorhinal/subicular
(blue) and hippocampal body (red) probabilistic masks are presented.
Figure adapted from (Kaplan and Friston, 2019).

Transformations in social frames of reference
It is now becoming increasingly recognized that non-linear refer-
ence frame transformation processes are not limited to spatial
cognition. Yet, it is unknown which other cognitive domains
might also benefit from this type of coding scheme and along
which dimensions this may occur. One promising application
for these transformations could be in the domain of social cog-
nition, where individuals could infer the preferences of others
and rapidly relate them to one’s own preferences and social net-
works of varying proximities. Furthermore, non-linear transfor-
mation of abstract knowledge would enable better differentiation
between similar options during decision-making such as the flex-
ible implementation of abstract decision boundaries (e.g. what
is the threshold for deciding when a food is too spicy). Pre-
vious accounts have highlighted the importance of neocortical
coordinate transformation in guiding self vs other comparisons
(Chang, 2013), particularly reward outcome assignment during
social exchanges between two individuals. However, a theoreti-
cal role for hippocampal–entorhinal coordinate transformations
involving the integration of multiple points of reference (e.g. >3
individuals) or cognitive collage (Tversky, 2014) in a cognitive map
of the social world has been missing in these accounts (Kaplan
and Friston, 2019). The lack of a role for the hippocampal for-
mation in social coordinate transformations might be due to the
perceived limited role of allocentricity beyond the spatial domain.

The lack of literature investigating the use of abstract cogni-
tive maps beyond simple relations is emblematic of the lack of
translation in psychological research to cognitive neuroscience,
especially when investigating spatial primacy in other cogni-
tive domains (Boroditsky, 2000; Tversky, 2000; Boroditsky and
Ramscar, 2002). One example of the dearth of translation between
spatial and social cognition is the lack of research on the use of
allocentric processing in social neuroscience. For instance, it is
notable thatmost of the aforementioned findings provide insights
into how an individual can store knowledge about the social
world, but does not actually involve navigating the social world
(e.g. flexibly switching between the perspectives of others, using
familiar individuals as a reference to learn about others). Puta-
tive neural computations from spatial navigation research that
could be used to explain these social behaviors include allocen-
tric coding and non-linear transformation of information learning
via multiple points of reference. In particular, non-linear trans-
formation of social attributes learned via multiple social points
of reference could be used to relate self vs other comparisons to
social networks or society in general. Through a clearer theoret-
ical incorporation of these spatial concepts in the social domain,
we believe that the role of the hippocampal–entorhinal region
in social neuroscience can be better understood. In what fol-
lows, we draw upon neuroscientific evidence from animals and
social psychology studies in humans to highlight potential roles
for the hippocampal–entorhinal system in social cognition, par-
ticularly social perspective switching between more than two
individuals.

Are there similar hippocampal–entorhinal
cell types for spatial and social
perspective-taking?
Hippocampal-entorhinal spatial coding principles can inform
human social behavior andwe’ll detail in this section how specific
subregions in the hippocampal–entorhinal circuit inform self vs



S. Arzy and R. Kaplan 943

other processing. We’ll then speculate how that circuit couldwork
in concert with other brain regions like the retrosplenial cortex
(RSc) and the TPJ during social perspective switches and mental-
izing. Taking inspiration from neural models of spatial imagery
(Byrne et al., 2007; Bicanski and Burgess, 2018; also see Gaesser
et al., 2018; Gaesser, 2020), we relate spatial perspective-taking
models to coordinate transformations in the social domain. The
hippocampal formation plays an important role in assimilating
egocentric and allocentric spatial coordinates during navigation.
Furthermore, these sorts of coordinate transformations are also
thought to be important in the social domain since stimuli often
needs to be translated from relative to absolute frames of ref-
erence during social cognition, where there is not typically a
one-to-one linear mapping between reference frames (Chang,
2013). Similar to how different types of spatially-modulated neu-
rons guide coordinate transformations during spatial navigation,
social coordinate transformations involving an allocentric refer-
ence frame likely rely upon a scope of different neuron types in
the hippocampal–entorhinal circuit.

There are different hippocampal–entorhinal cell types that
afford the transformation of egocentric and allocentric spatial
coordinates during navigation. One foundational example is hip-
pocampal place cells that are active when an animal visits a
particular location (O’Keefe and Nadel, 1978) and medial entorhi-
nal/subicular grid cells that fire when an animal visits place fields
equally placed on a triangular grid (Hafting et al., 2005; Boccara
et al., 2010). Together, place and grid cells help dynamically
encode the relations and distances between different locations
in an allocentric reference frame (Bush et al., 2015; Stemmler
et al., 2015). In parallel, head-direction neurons first found in
hippocampal–entorhinal subregions fire when an animal is fac-
ing a specific direction (Taube et al., 1990). In terms of coordinate
transformations, head-direction cells maintain where the direc-
tion of an animal’s head is in an allocentric reference frame.
Boundary and object vector cells in the entorhinal/subicular
region fire when an animal is a given distance and/or direc-
tion from either environmental boundaries (Lever et al., 2009) or
objects (Høydal et al., 2019), respectively. These cell types help
transform the relative position between an environmental cue
and the animal into absolute, allocentric distances during spatial
coordinate transformations. Recent work has begun to uncover
how social variables might influence these spatially tuned neu-
rons. Investigating whether hippocampal place cell represent the
spatial position of others in an animal’s environment, Danjo
et al. (2018) found that rat hippocampal CA1 subfield neurons
coded the spatial locations of others and the animal itself, while
Omer et al. (2018) observed a similar place coding scheme in bat
hippocampal CA1. These social place cell studies found cells con-
junctively coding the spatial position and relationship between
the self and other animals. Further work is necessary to link exist-
ing spatially tuned cells (e.g. grid, HD, boundary vector, object
vector cells) to other social variables (e.g. importance, group affil-
iation, danger) in model organisms. One promising direction may
come through investigating spatially tuned hippocampal neurons
in model organisms like marmosets that form colonies with clear
social relationships such as hierarchies and group roles (Miller
et al., 2016).

Beyond spatially tuned neurons, an emerging body of litera-
ture in rodents has explored the importance of the hippocampal
CA2 subfield in storing memory for other individuals/conspecifics
(Hitti and Siegelbaum, 2014; Tzakis and Holahan, 2019). Hitti and
Siegelbaum found that genetically targeted inactivation of CA2
neurons in mice caused a dramatic impairment in the animal’s

ability to remember a conspecific, which the authors define as
‘social memory’ in their paradigms. Subsequent work in this
research line has uncovered an important role for CA2 in encod-
ing, consolidating and retrieving social memories (Meira et al.,
2018; Oliva et al., 2020). Beyond social memory, this hippocampal
subregion has also been shown to play a key role in social behav-
ior, where a lateral septum-CA2 circuit helps disinhibit social
aggression (Leroy et al., 2018). Differing from findings in model
organisms, parallel evidence investigating social memory coding
in human hippocampal CA2, or any subregion, is lacking.

There has not been evidence of humanhippocampal place cod-
ing of the spatial location of others. However, there does appear to
be some indices of human hippocampal coding of other individu-
als in a physical environment. The temporal and functional inte-
gration of all spatial cell types like place and grid cells are afforded
through phase locking with the hippocampal theta rhythm (Barry
et al., 2012), which is approx. ∼3–8Hz in humans and 6–10Hz in
rodents. Linking the human hippocampal theta rhythm to signal-
ing the location of others, Stangl and colleagues found that freely
exploring epilepsy patients with chronically implanted wireless
hippocampal electrodes exhibited increases in hippocampal theta
power for the distance of themselves and other individuals rela-
tive to environmental boundaries during navigation (Stangl et al.,
2021).

The spatial coding studies in this section raise an important
issue about how cognitive factors could play a key role in distort-
ing how the brain represents physical and more abstract spaces.
There is now an emerging literature showing spatially tuned cells
in the hippocampal–entorhinal circuit can be distorted by differ-
ent cognitive variables, particularly reward. Building on previous
evidence showing that hippocampal replay, the reactivation of
place cells related to previously visited spatial trajectories, is
stronger for cell representation of rewarding locations (Singer
and Frank, 2009; Dupret et al., 2010), Gauthier and Tank (2018)
found that mice in a navigation with shifting reward contingen-
cies to distinguish place vs reward encoding had specific place
cell populations in hippocampal CA1 and the subiculum that only
fired near reward locations. In parallel, Butler et al. (2019) found
that spatial cognitive maps in the rodent medial entorhinal cor-
tex incorporated a learned reward location, and that learning of
reward locations across sessions afforded better positional decod-
ing in a cognitive map. These findings in model organisms are not
limited to reward either, where a vectorial relationship to naviga-
tional goal locations has been observed (Poucet and Hok, 2017;
Sarel et al., 2017). Altogether, findings on spatially-modulated
neurons with firing fields that are distorted by the presence of
a reward or goal gives us an idea of how the hippocampal–
entorhinal circuit can incorporate the flexible coding of abstract
variables like rewards and social knowledge over time. More-
over, these data provide clues on how lingering cognitive biases
can affect spatially tuned neurons and how this might hold even
greater importance in humans.

Potential roles for canonical spatially-modulated
hippocampal neurons in social cognition
Given the outstanding role for canonical spatially tuned and
mnemonic hippocampal–entorhinal cell types in social neuro-
science beyond social place cells, we highlight potential repur-
posed roles for these cells in social cognition (Figure 3, Table 1).
Allocentric reference frames and boundaries can be important
constructs beyond spatial cognition, especially in the social
domain. For instance, humans often use decision boundaries
(Kaplan et al., 2017a) or recognize limits of expected social norms
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Fig. 3. Implication of major spatially tuned neurons in social cognition.
Theoretical potential representation of spatially tuned neurons is
illustrated in the social domain. Place cells (upper left) may indicate a
specific person within a given social situation; Grid cell (upper right)
may indicate a hexagonal organization of a certain social network
according to a given 2D coordinate system; Border cell (lower left) may
point on a given social boundary (defined group, e.g. close family);
Head-direction cell (lower right) may point on a certain ‘angle’ within
the same social layer (e.g. among all cousins, those in my age). Colors
indicate level of proximity to the specific person (for further
explanations and more cell types see Table 1; Courtesy: Hagar Segev).

and preferences (Kahneman and Miller, 1986). Moreover, allo-
centric coding as defined by Triandis, having one’s interests cen-
tered on others over themselves (Triandis et al., 1985), would be
expected to play a key role in empathy and theory of mind (i.e.
putting yourself in someone else’s shoes Frith and Frith, 2003)
by contributing a common reference frame that could facilitate
social behaviors that are not putatively associatedwith themedial
temporal lobe (MTL; see subsequent section for information about
functional interactions between the hippocampal formation and
brain regions responsible for theory of mind). In terms of bound-
ary coding, one could envision a role for boundary vector cells
and border cells in coding the abstract distance from figura-
tive social boundaries/norms. Such a role could portend social
boundaries influencing underlying computations by grid cells in
a similar manner as irregular geometric boundaries (Barry et al.,
2007; Krupic et al., 2012). Consequently, grid and place signals
could potentially fragment and reset due to ‘boundaries’ between
social groups (Figure 3). In parallel, other types of vectorial cod-
ing associated with object vector and grid cells could then afford
the non-linear entorhinal/subicular transformations between rel-
ative and absolute frames of reference observed in human social
decision-making tasks (Kaplan and Friston, 2019). However, one
caveat is that social boundaries and coordinate transformations
could be even more familiarity-dependent than the coding of
physical boundaries and transformations, which may result in
different neural coding mechanisms.

Notably, grid cells are typically associated with 2D (and some-
times 3D, see Stella and Treves, 2015) spaces. The potential for
grid cells to incorporate multiple elements of social knowledge

could allow the brain to flexibly compare different individuals
based on different social factors (e.g. preferences, status, and
threat level). Howmight grid cells contribute to social perspective
switches in continuous spaces? Since grid cells simultaneously
code multiple locations, these entorhinal neurons might be able
to encode complex relations between members of large-scale
social networks or how different social characteristics compose
the personality or familiarity of a single individual (Bellmund
et al., 2018; Schafer and Schiller, 2018a). Within this framework,
head-direction cells could signal the abstract direction for social
variables like a rank in a hierarchy (e.g. most popular, gener-
ous, etc.; Table 1). Furthermore, reward-driven distortions in
hippocampal and entorhinal spatial coding can be expected to
translate to social dominance hierarchies, but whether hierar-
chies might maintain more of a graph- or map-like structure is
unclear (Peer et al., 2021b). Formulating social reference points
like familiar others (i.e. does person A cook better than person B?,
is person A nicer than my best friend?) could therefore be envi-
sioned as a landmark or border within an abstract environment
similar to how objects and boundaries are used to test for spa-
tially tuned neural responses (Figure 1, Table 1). We’ll detail in a
subsequent section how neocortical regions forming the default
network might contribute to this process.

How might these social reference frame transformations
be computed by the hippocampal–entorhinal system? Recent
advances have been made in understanding how hippocampal–
entorhinal cognitive maps of physical space and their constituent
non-linear transformations can translate to learning and mem-
ory more generally. Specifically, this overlap between spatial and
social perspective switching could be facilitated by recent com-
putational models. One such model is the Tolman–Eichenbaum
Machine (Whittington et al., 2020), which uses factorization (sim-
plification) and conjunctions of representations to simulate how
hippocampal–entorhinal knowledge, like social knowledge, can
be flexibly (and logarithmically/non-linearly) abstracted. Other
potential models that would afford the non-linear transformation
of non-spatial social knowledge in the hippocampal–entorhinal
system could also be neurally implemented by using neural man-
ifold models (Low et al., 2018). Either of these computational
models is well-positioned to test and connect any empirical find-
ings across different species and cognitive domains. Focusing on
human cognitive computations, a model that directly addresses
how non-linear transformations are implemented in the hip-
pocampal formation and associated cortical midline regions is
the agency–ownership (A–O) model (see Box 1 for an in-depth
summary). In the A–O model, the brain uses prior information
(e.g. beliefs, predictions) and world-information applied on an
existing cognitive map to predict a cognitive map of social space
via a forward model (Arzy and Schacter, 2019). The model
accounts for egocentric-allocentric transformations to correct the
predicted map following iterative steps (see Box 1 and Arzy and
Schacter, 2019 for details). Further developments and elabora-
tions of such models may better help to understand non-linear
transformations in representations of social information within
the cognitive mapping system.

Hippocampal formation-neocortical
interactions during spatial and social
perspective-taking
It is important to examine how the hippocampal–entorhinal
region relates to brain areas putatively linked with social inter-
actions, particularly perspective switches. Notably, neocortical
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Table 1.

Category Type Spatial location
Spatio-social conspecific’s
location

Social network location over
structure

Social characters e.g. power-
affiliation

Place Self-location Others’ location Self-location in social hierarchy Combined characters (2D)
Grid Spatial plane Spatial plane Social circles Abstract plane
Boundary Spatial border Spatial border for a conspecific Border between social circles Qualitative difference in social

characteristics
Head-direction Head-direction Head-direction for conspecific People with a similar social role ‘Direction’ in the abstract space
Reward Place with

reward
Reward for a conspecific More valued individual More valued attributes of an

individual

regions linked to spatial perspective switches are also implicated
in social perspective-taking and form part of the default net-
work (Vogeley and Fink, 2003; Arzy et al., 2006; Yeshurun et al.,
2021). These default network regions including the RSc, posterior
cingulate cortex (PCC), mPFC and TPJ play key roles in social cog-
nition, memory processes, and have tightly linked functional roles
and anatomical connections to the MTL/hippocampal–entorhinal
system (Buckner and Carroll, 2007; Buckner et al., 2008, for meta-
analyses see Spreng et al., 2009; Dafni-Merom and Arzy, 2020).
Accordingly, the default mode network (DMN) has been recently
suggested to be the functional brain network that serves as an
interface between the self and the social world (Yeshurun et al.,
2021). Therefore, it follows that hippocampal–entorhinal com-
ponents would make a strong contribution to this network in
maintaining knowledge and transforming perspectives through
the assimilation of new social knowledge with what is already
known about the prosocial world (Arzy and Schacter, 2019). More
specifically, by examining the well-described role of cortical mid-
line regions and the TPJ in social behaviors like mentalizing,
perspective-taking and social learning, we can gain insights into
how interactions between the MTL and aforementioned other
DMN regions can help facilitate these behaviors.

mPFC interactions
We have highlighted how the hippocampus and entorhinal cor-
tex could help assimilate information from different reference
frames during social behavior and nowhere is the presence of dif-
ferent social points of reference clearer in social cognition than
with self vs other comparisons. Self vs other comparisons are
commonly studied in the investigation of mentalization, the abil-
ity to understand oneself and others (Frith and Frith, 2006). Fur-
thermore, self vs other comparisons are primarily linked with the
mPFC and right TPJ (Frith and Frith, 2006; Koster-Hale and Saxe,
2013), where the mPFC linearly signals the discrepancy between
preference ratings for the self and other (Tamir and Mitchell,
2010). Moreover, functional interactions between the mPFC and
MTL, particularly the hippocampal formation, are thought to play
a key role in memory-guided decision-making (Biderman et al.,
2020), including the social domain. Yet, the relationship between
the mPFC and hippocampal formation in guiding social cognition
has its limits, where a key cognitive ability derived from men-
talizing, theory of mind, is not impaired in patients with focal
MTL damage (Rosenbaum et al., 2007). Why might this be? We
speculate that the complex structural inferences afforded by hip-
pocampal cognitivemaps likely are not necessary during theory of
mind tasks, where there is a simple comparison between the self
and other (or switching between two first-person perspectives).
However, if more than two perspectives need to be integrated then
the MTL could be required. Further work testing hippocampal-
dependent autobiographical memory in comparison with theory

of mind, shows that the right TPJ, but not mPFC, is selectively
engaged by theory of mind demands (Rabin et al., 2010). In the
same vein, considering theory of mind as a self-projection in the
social domain (Buckner and Carroll, 2007), a recent study found
implications of the mPFC, anterior cingulate cortex (ACC), right
TPJ and medial parietal cortex, but not the MTL (Hayman and
Arzy, 2021).

Another insight may derive from an in-depth dissection of the
mPFC itself. Although themPFC is associatedwith theory ofmind,
there appears to be functional dissociations between dorsal and
ventral areas of rostralmPFC during social decision-making tasks.
Namely, dorsal portions of mPFC were engaged when making
value-guided choices for others or when someone else decided for
the participants (Nicolle et al., 2012). In contrast, ventral portions
of mPFC, putatively associated with autobiographical memory,
are engagedwhenmaking choices for oneself. This functional gra-
dient in mPFC might not be limited to the social domain either. In
amulti-step spatial planning task, Kaplan et al. (2017b) found that
more dorsal areas of rostral mPFC were engaged when planning
next-step choices, while ventral mPFC (vmPFC) was engaged by
easier initial and next-step choices. Notably, functional connec-
tivity between the dorsal mPFC region and hippocampus reflected
the subsequent accuracy of next-step choices. Taken together,
the findings by (Kaplan et al., 2017b) and (Nicolle et al., 2012),
highlight a potential domain-general role for dorsal regions of
mPFC in thinking beyond a current subjective state to facilitate
prospective thinking or adopting another person’s perspective.
Furthermore, the mPFCmight hold a more similar functional role
to the MTL in learning and decision-making than other neocorti-
cal default network regions (Kaplan et al., 2017b), where vmPFC
(and rodent orbitofrontal cortex; OFC) is thought to maintain a
cognitive map of task space (Wilson et al., 2014). In this formu-
lation by Niv (2019), the vmPFC maintains the current location
within a multi-faceted task and serves as a pointer to where
specific knowledge is stored in the hippocampus during decision-
making. In this context, one could envision the mPFC/OFC as a
pointer to hippocampal–entorhinal social knowledge of both the
self and other individuals during social decision-making, which
could be enhanced by themPFC’s known role in enhancing spatial
imagery (Kaplan et al., 2017c; Gaesser et al., 2020).

Parietal midline interactions
The parietal midline, including PCC, precuneus and RSc, is a
key region in the default network. In parallel, parietal midline
regions like the RSc are known to play a key role in spatial coor-
dinate transformation (Epstein, 2008). Specifically, RSc is thought
to translate between different perspectives of the external world
such as viewpoint-dependent and viewpoint-independent ref-
erence frames during navigation and other spatial behaviors
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Box 1. Computational models for nonlinear transformation in
cognitive mapping

The Agency–Ownership (A-O) model is an example of the cross-
talk between the entorhinal–hippocampal system and the cortex
(mostly the default mode network, DMN). In the A–O model
(Figure 6), the agency-branch (bottom-up) uses self-originated
(top-down) agency-derived assumptions and the current gener-
ated cognitive map to predict the next version of the map using
a forward model. The ownership-branch (bottom) uses one’s
personal schema of ownership and egocentric-allocentric trans-
lations (difference between the predicted allocentric map and the
actual egocentric feedback perceived by path-integration and per-
ceived world-information) to correct the predicted map following
iterative steps. The next generated map is dependent on these two
processes (with different weighting; see Arzy and Schacter, 2019
for details).

In each step, the previously stored map is read out, together with
new information from the real-world (‘world-information’, wreal).
The measured information (‘measurement’, wm) is then used,
together with the previously stored map, to generate a new map
which estimates the real-world using a stochastic model. Note
that there is always a gap (error) between the estimation (in the
social world: ‘what a person expect’ (FeldmanHall and Nassar,
2021) represented on the map (west) and the real-world (‘what a
person gets’), due to the combination of noise and stochasticity
in the measurement, read out and model. The estimated map is
compared with the real-world measurement to generate an error
correction (e.g. a gain factor G(∆); Kalman, 1960), which deter-
mines the relative weight of the measurement and the model
estimate in the updated cognitive map. G(∆) is a monotonically
increasing function of the prediction error ∆, such that when ∆
is large, more weight is given to the world measurement, and
when ∆ is small, the output is closer to the model’s estimate,
a process that involves non-linear changes. When new world-
information is encountered, the process reiterates. The stored
cognitive map after n updates is denoted by wn. A probability dis-
tribution Pm(wm |wreal) accounts for noise introduced by both the
measurement and the readout. Similarly, there is a probability
distribution for the estimation Pest(west |wn). Note that according
to the A–O model the measured information may be egocen-
tric (encountered by the subject) or allocentric (derived from an
external source).

The simplest realization of the A–O model handling a social net-
work data is a linear model in which each connection is mapped
using a deterministic function:

wreal = wm,west = wn

This model ‘copy-pastes’ learned information about one’s social
network into the data in a one-to-one manner. In a more real-
istic, yet still simple version of the A–O model, we assume that
the measurement and the readout of the encountered social
information are Gaussian variables:

Wm ∼ N(wreal,σm), West ∼ N(wn,σe)

where σ is the standard deviation and N indicates the number of
connections within one’s social network. Another potential non-
linear realization of one’s social network is a neural network
model. In this realization, each individual in the social network
is represented by a single unit i. An existing social connection
between two individuals in the social network is represented as
an interconnection between two units Wij. Therefore, one’s social
map may be represented by the connectivity matrix of the partic-
ipant’s ‘neural population’ (Each neuron is assigned with a total
synaptic current, which is the total input to the neuron, filtered by
an exponential filter representing the synaptic dynamics; several
characteristics of neural networks such as synaptic current, firing
rate and noise should be further introduced to create the network
dynamics).

(continued)

Box 1. (Continued)

The linear model yields a monotonic decrease in the error-per-
connection. Note that such a model assumes a perfect memory
and zero measurement noise, which are not realistic from a
neuro-cognitive POV. In the logarithmic model, the error mono-
tonically decreases, and the error-per-connection saturates
(after number of iterations going to N2). The model performance
depends on the real-world measurements and readouts and the
decay rate of the gain function. Finally, the neural network model
is dependent on the measured social network, and specific values
of the parameters involved in the learning (the learning rate and
the weight decay rate) lead to different learning performance for
each participant. Since agency, ownership, and cognitive map-
ping are managed in the hippocampal–entorhinal system and
DMN, we speculate that such a model implements non-linear
transformations in these systems.

(Vann et al., 2009). One potential mechanism for RSc’s transla-
tion of spatial cues comes from RSc’s perceived role in integrating
different viewpoints, where the RSc uses spatial mental imagery
to merge different viewpoints into a cohesive allocentric repre-
sentation of the environment (Byrne et al., 2007; Bicanski and
Burgess, 2018). Furthermore, recent evidence portends a role for
parietal midline structures in similar types of viewpoint changes
in social interaction tasks (Lombardo et al., 2010). This role is not
limited to social viewpoints and is thought to extend to maintain-
ing social knowledge. Investigating how participants characterize
the relationship between individuals in their real-life social net-
works with fMRI, Peer et al. (2021a) found that the RSc maintains
knowledge of the higher-order organization of different individ-
uals comprising a social network, while other parietal midline
structuresmaintains knowledge of the affiliation of others in rela-
tion to the self. This ensemble of activity was suggested (Peer et al.,
2021b) to obey the form of a ‘cognitive-graph’, which is a represen-
tation of topological connection in the environment (Chrastil and
Warren, 2014). Yet, in contrast with the hippocampal–entorhinal
circuit, medial parietal areas are capable ofmaking self-other per-
spective shifts without needing to relate to the world at large.
Furthermore, medial parietal areas can maintain and translate
social information during tasks without a strong mnemonic com-
ponent unlike hippocampal-dependent social cognition tasks.
Still, further work is necessary to differentiate medial parietal vs
hippocampal formation contributions to translating spatial and
social reference frames.

TPJ interactions
The right TPJ is known to play a key role toward integrating
self vs other perspective-taking in theory of mind (Saxe et al.,
2006), where right TPJ signals perspective changes (Hayman and
Arzy, 2021). Right TPJ was found to be involved in spontaneous
theory of mind (Bardi et al., 2017). Moreover, activation of this
region decreased as a function of the psychological closeness
between participants and others (Ionta et al., 2020). Notably,
functional links between the hippocampal–entorhinal system
and TPJ in either spatial or social perspective-taking remain
unclear. One possibility might be that theta phase coupling
between the hippocampus and neocortical areas like TPJ might
guide the integration of different perspectives (Byrne et al., 2007).
Indeed, there is preliminary evidence supporting this notion.
A magnetoencephalography-transcranial magnetic stimulation
(MEG-TMS) study found that theta oscillations in the right TPJ
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help transform the embodied self into another’s viewpoint (Wang
et al., 2016), which is a process that can be selectively interrupted
with TMS stimulation (Wang et al., 2016; Martin et al., 2020).
Notably, disrupting the right TPJ, but not MTL, seems to conserve
active recruitment of prosocial intentions inmentalizing (Gaesser
et al., 2019). Finally, the TPJ is involved in logarithmic transforma-
tions along ‘mental-lines’ (Dehaene et al., 1999; Harvey et al., 2013;
van Dijk et al., 2021; For discussion of the mental lines see in the
next section).

The default network initially gained prominence as one of
the most robustly observed resting-state networks in brain imag-
ing (Raichle et al., 2001). Subsequently, Buckner and colleagues
highlighted a role for the default network in internal menta-
tion which includes cognitive processes like autonoesis, episodic
memory, mentalizing, imagination and fictive planning (Buckner
et al., 2008; Dafni-Merom and Arzy, 2020). Earlier work high-
lighted a role for the default network, including the hippocampus,
in self-projection and episodic future thinking (Schacter, Buck-
ner et al., 2008). These ideas have led to the default network
being characterized as a key center for maintaining endoge-
nously driven cognitive processes that occur on longer timescales
(Hasson et al., 2015; Yeshurun et al., 2021), even during offline
‘resting’ states like sleep (Genzel, 2020). At the circuit level, hip-
pocampal sharp-wave ripples are oscillatory events that occur
during resting periods like sleep, as well as awake deliberative
periods. Sharp-wave ripples are associated with memory replay
since reactivation of hippocampal place cell ensembles co-occurs
with ripples and have been related to successful memory con-
solidation. Hippocampal sharp-wave ripples have been shown
to influence ongoing neocortical fMRI signals (Logothetis et al.,
2012), which suggests that ripples may influence default network
function. Indeed, this idea is supported by findings showing that
hippocampal ripple events modulate the ongoing signal in the
default network (Kaplan et al., 2016), which has been shown both
invasively (Mitra et al., 2016) and non-invasively (Higgins et al.,
2021) in humans. Taken together, these studies support the idea
that hippocampal replay of past experience may help the default
network assimilate knowledge and explore potential outcomes of
future decisions from different social perspectives (Dafni-Merom
and Arzy, 2020).

An alternative theory for the potential role of the hippocam-
pal formation in social perspective-taking is based on vivid spatial
imagery from the hippocampus having an explicit, additive role
onmentalizing and social perspective-taking (Gaesser, 2020), sim-
ilar to the effect method of loci and memory palaces have on
episodic memory performance (Spence, 1984). In other words,
the Gaesser ‘episodic mindreading hypothesis’ (2020) postulates
that as an episode is more vividly experienced, the mental states
of the target in that episode will become more accessible in
memory and more readily utilized. Notably, our more implicit
framework and the more explicit episodic mindreading hypoth-
esis are not mutually exclusive. The hippocampal–entorhinal
circuit facilitates spatial coordinate transformations and imagery,
so there remains the possibility that both these capabilities are
conserved in the social domain. Still, future research is nec-
essary to formally compare these implicit and explicit additive
hippocampal effects on prosocial interactions.

The aforementioned findings in this section imply potential
non-linear transformation at the different regions of the default
network—logarithmic in the TPJ (see Table 2 below), graph-like in
RSC and cell-population-dependent in the MTL. Barbara Tversky
(1993) highlighted the significance of all these three by pointing to
the importance of different point of views leading to a coherent

framework of mental navigation (Tversky, 1993, 2011). According
to Tversky, this should be called a ‘mental collage’ as different
points of view are integrated altogether, whichmeshes nicely with
ideas about the default network as an integrative social interface
between the self and the external world (Yeshurun et al., 2021).

Unifying spatial and social
perspective-taking with the concept of
distance
The idea that real-world entities in different domains such as
space, time and social networks, are geometrically represented
within the brain enabled the inclusion of all these domains into a
coherent cognitive framework (Tversky, 1993, 2011; Tversky and
Hard, 2009; Arzy and Schacter, 2019). Likewise, spatial and social
cognition may use similar concepts and cognitive constructs
(Tversky et al., 2013).

One of these potential fundamental concepts is cognitive dis-
tance. Cognitive distance is defined as ‘mental representations
of large-scale environmental distances that cannot be perceived
from a single vantage point but require movement through the
environment for their apprehension’ (Montello, 1991; see also
Golledge, 1969, 1978). In other words, cognitive distance is tra-
versed by the experiencing self. Accordingly, psychological dis-
tance is by definition egocentric, as it is measured or evaluated
by the traversing self. Psychological distance is not limited to the
spatial domain. It may be found in time: the difference between
the present time and that of a past experience or future plan, in
the social domain: the estimated ‘distance’ between the self and
a person in one’s social world (i.e. how close one feels to another
person), and actually in each domain in which a distance dimen-
sion may be constituted (Trope and Liberman, 2010; Parkinson
et al., 2014; Peer et al., 2015; Dafni-Merom and Arzy, 2020). Accord-
ing to the construal level theory (CLT), the comparison of the
self to the imagined target (in space, time or person) involves
mental construal, and there is a direct relation between the psy-
chological distance traversed and the mental construal required.
Moreover, according to CLT, the psychological mechanisms used
to both mental construal and psychological distance traversal in
the three domains are similar. Interestingly, Trope and Liberman
(2010) link first- and third-person perspective-taking to psycho-
logical distance and mental construal: a third-person perspective
imposes more distance than a first-person perspective, and as
such induces a higher level of construal. Social distance under-
lies the effect of social discounting, which is the observation that
one’s generosity toward others decreased as a non-linear (hyper-
bolic) function of the perceived social distance between them
(Jones and Rachlin, 2006). Neuroimaging studies found social dis-
counting to be crucially related to brain activity at the TPJ, as
based on the social distance (Strombach et al., 2015; Soutschek
et al., 2016; Sellitto et al., 2021).

Here, we highlight the importance of three different cogni-
tive constructs: mental travel/self-projection [from one point-
of-view (POV) to another], self-reference (the cognitive distance
between the self to each of the represented points) and non-linear
transformations (of distances between the POVs, self-to-point or
the different points), which all create ‘mental lines’ of differ-
ent sorts. These three aspects are using distances to represent
important information, through a geometrically-based system
that may underlie the different domains of spatial, temporal and
social cognition. In the following paragraph, we introduce men-
tal lines, then decipher their underlying governing principles and
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Table 2.

Brain region Spatial perspective changes Social perspective changes

Medial Prefrontal Cortex/Medial
Orbitofrontal Cortex (mPFC/mOFC)

Directing mental imagery and integrating
imagined viewpoints from different perspectives

Mentalizing/assuming the perspective of another
individual in dorsal regions, while ventral
regions maintain a cognitive map of a social task
space and pointer for social information stored
in the hippocampal–entorhinal system

Retrosplenial Cortex (RSc) In concert with the hippocampal–entorhinal cir-
cuit helps integrate different perspectives of the
external world such as viewpoint-dependent
and viewpoint-independent reference frames
during navigation

Potentially helps integrate different social per-
spectives in a graph-like absolute reference
frame

Posterior Cingulate Cortex (PCC) Mental imagery and memory retrieval Infers direct linear trajectories over implicitly
learned social spaces

Temporoparietal Junction (TPJ) Mental rotation/logarithmic coordinate transfor-
mations

Logarithmic social perspective change

subsequently focus on discussing distance in social and spatial
domains.

One of the main examples of non-linear (logarithmic) trans-
formations in the human brain is mental lines. The archetype
of mental lines is the mental number line (MNL; Banks and Hill,
1974; Dehaene et al., 1993). The MNL is characterized by two
main features. First—directionality: numbers are represented by
humans (and perhaps other species aswell; e.g. Rugani et al., 2015)
on a horizontal spatial axis running from left to right (Dehaene
et al., 1999); second—logarithmic transformation: experiments on
mental number scaling in archaic cultures or children revealed
the mapping of ordinal numbers along a logarithmic scale rather
than a linear one (Dehaene and Cohen, 1995; Siegler and Booth,
2004; Dehaene et al., 2008). Neuroimaging studies localized rep-
resentation of the MNL to the right TPJ (Dehaene et al., 1999;
Harvey et al., 2013; van Dijk et al., 2021). Interestingly, these two
features characterize not only the MNL but also other mental
lines. The mental time line represents the arrow of time from
past to future running from left to right, and response time to
events are distributed in a logarithmic manner (Bueti and Walsh,
2009; Arzy et al., 2009a), and the mental emotion line—from neg-
ative to positive (Holmes and Lourenco, 2011), localized as well
to the TPJ. The original depiction of mental lines refers to the
characteristics of the line itself, namely its directionality and log-
arithmic arrangement. There also is the relation of the different
points represented on the line to the location of the experiencer
(‘self’) on this line. To reiterate, we hypothesize that the loga-
rithmic character of the line is derived from the localization of
the human self-representation along such a line. This enables
prioritization of certain items (such as events, people or places)
closer to the self, where two main metrics are considered. The
first is the ability to project oneself to a specific ‘self-location’
along the mental line, which is termed ‘self-projection.’ In the
time domain, for instance, one might ‘project’ herself to differ-
ent time-points in the past in order to re-experience an event, an
ability referred to as ‘mental time travel’ (Addis et al., 2007; Arzy
et al., 2009b, 2008; see also Schacter et al., 2012). Such ‘mental
travel’ or ‘self-projection’ is also implacable in other domains. In
the emotion domain, one might imagine themselves in different
emotional states (Holmes and Lourenco, 2011), and in the spa-
tial domain—at different places (Gauthier and van Wassenhove,
2016). In the social domain, people might project themselves
to be ‘in the shoes’ of other people, a crucial ability for the
aforementioned theory of mind (Frith and Frith, 2003, 2006; Buck-
ner and Carroll, 2007; Hayman and Arzy, 2021). Experiments of

self-projection to different points on the mental lines (e.g. Arzy
et al., 2008; Gauthier and van Wassenhove, 2016; Hayman and
Arzy, 2021) show that such a projection requiresmoremental load
(as is expressed by behavioralmeasures as well as functional neu-
roimaging ones in specific brain regions) with respect to one’s
own self-location. However, study of the distribution of ‘projec-
tion’ to different ‘locations’ on a mental line is still needed to
investigate the systematicmathematical definition of projections’
distribution.

Self-reference is defined here as the ability to refer to different
items on the mental line (e.g. events, places, people, emotions)
from one’s projected or habitual self-location (but see Rogers et al.,
1977). In the time domain, for instance, self-reference is the cog-
nitive distance in between one’s self-location in time (the present
time or an imagined point in the past or future) and an event they
recall (see also Liberman et al., 2002; Herzog et al., 2007). Plotting
of reaction times to events in different cognitive distances from
one’s self-location has been shown to follow a logarithmic dis-
tribution (Arzy et al., 2009a). Likewise, ease of retrieval mediated
the effect of temporal distance on attitudes (Herzog et al., 2007).
Taken together, this suggests that similar logarithmic organiza-
tion may also be found over other mental lines, such as the social
one (Figure 4).

Clinical implications of the overlap between
social and spatial cognition
Tolman (1948) once posited that ‘social maladjustments can be
interpreted as narrowings of our cognitive maps due to too strong
motivations or to too intense frustrations.’ While this hypothesis
is somewhat speculative, the idea of looking at social distur-
bances through the construct of cognitive mapping remains a
promising potential avenue of exploration. In the intervening
decades since Tolman formed this idea, the relationship between
cognitive maps and neurodegenerative/psychiatric dysfunction is
still largely unexplored. Tolman’s idea might be better formalized
as ‘social disorientation’ instead of ‘maladjustment’, as orienta-
tion is what one is performing over amap (Peer et al., 2014; Schafer
and Schiller, 2018b). Disorientation in the social domain may
affect one’s own self-location (depersonalization), self-projection
to the perspective of others (as in theory of mind), reduplication
of self and others or confusion between self vs other. In the fol-
lowing paragraph, several exemplary social disorientations are
presented and the role of the entorhinal–hippocampal system in
these disorders is discussed.
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Fig. 4. Logarithmic distributions in the social domain. A. Emotional closeness and the temporal distance from last contact. Mean (±standard errors)
temporal distance (months) from last contact is plotted against emotional closeness scale score (1= low, 10=high; n=20249). Note the decrease of
emotional closeness with prolongation of the temporal distance (from Roberts et al., 2009). B. Frequencies of contact. Frequency of contacts one
maintains (per day) with others in each layer of one’s social network. Note the decrease in contact ray with the distance of the social layer (from
Sutcliffe et al., 2012).

Fig. 5. Shifts along the mental social line in delusional misidentification
syndromes. A schematic description of the mental social line is shown,
with logarithmic distribution of self, close other, non-close other, and
stranger according to their level of affiliation to the self (see Hayman
and Arzy, 2021). Arrows depict shifts in proximity in four syndromes
(Capgras, Fregoli, subjective doubles and intermetamorphosis),
arrowheads depict direction of shift.

Disorientation in the person domain plays a major role
in several neuropsychiatric disorders (Peer et al., 2014). Self-
referenced personal disorientation can be paraphrased as a
detachment of one’s self from their own world. It mainly involves
the symptoms of derealization and depersonalization. Deperson-
alization is defined as ‘feeling detached from, and as if one is an
outside observer of, one’s mental processes or body (e.g. feeling
like one is in a dream); sense of unreality of self, perceptual alter-
ations; emotional and/or physical numbing; temporal distortions’
(Spiegel, 1997). Patients with depersonalizationmay describe that
‘I am not myself anymore, I mean, I know who I am but I just feel
like I may be somebody else’ (Arzy et al., 2011). In contrast, dere-
alization is defined as the feeling that one’s surroundings are not
real. Both depersonalization and derealization are hallmarks of
dissociative states (Spiegel, 1997; Kihlstrom, 2005; Spiegel et al.,
2013), and are frequently observed together. One such entity is
‘dissociative fugue’ that may be seen in temporal lobe epilepsy

(Staniloiu and Markowitsch, 2014) in which patients may travel
around while disappearing from their usual environment with no
memory of this period after recovery. Functional neuroimaging
studies identified such phenomena with alterations (hyperacti-
vation) in mPFC and the TPJ (Reinders et al., 2003; Arzy et al.,
2011) hinting at the role of perspective-taking in such disorders.
Involvement of the MTL was found when mnemonic functions
were implicated in the form of hypoactivation (Staniloiu and
Markowitsch, 2014). It is possible that the balance in between
the hippocampal–entorhinal mapping system and default net-
work regions is impaired in dissociative disorders, where the latter
compensates or governs over the first. Further neuroimaging and
computational works (as based on platforms such as the BB or
A–Omodels), may help to further understand these intriguing dis-
orders. This is similar to a proposal regarding the very nature of
post-traumatic stress disorder (PTSD): according to this proposal
PTSD may be subdivided into dissociative and non-dissociative
subtypes. The dissociative subtype is characterized by overmod-
ulation of affect, while the (more common) non-dissociative sub-
type involves the predominance of re-experiencing the traumatic
event itself and hyperarousal symptoms (Lanius et al., 2010).
These proposals may be supported by a recent neuroimaging
finding, where patients with PTSD related to childhood trauma-
tization showed a smaller hippocampal volume with respect to
controls (Chalavi et al., 2015). Additionally, patients who also
showed dissociative symptoms had abnormal shape and signif-
icantly smaller volume in the CA2-3, CA4-DG and (pre)subiculum
parts of the hippocampus as compared with healthy control sub-
jects (Chalavi et al., 2015). Further clinical, experimental and
computational work may contribute to the understanding of this
common and significant disorder of PTSD.

Social disorientation may be regarded as disorientation in per-
son which involves other people (non-self-referenced), and is
generally termed delusional misidentification syndromes (DMS;
Feinberg and Roane, 2005; Devinsky, 2009). In DMS, family
members and friends are wrongly identified as different people
(Christodoulou, 1978; Feinberg and Roane, 2005; Devinsky, 2009;
Peer et al., 2014). Specific syndromes may be conceived as a ‘shift’
of people’s ‘location’ along the ‘mental social line’ (Figure 5).
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Fig. 6. The Agency–Ownership (A–O) model. In the A–O model, the agency-branch (upper arm), is carrying information related to the agent, that is, it
uses self-originated (top-down) agency-derived assumptions (e.g. beliefs, memories, simulations) and the current generated cognitive map to predict
the next version of the map implying a forward model . The ownership-branch (bottom arm), carries information ‘owned’ by the agent while gathering
world-information (Wreal, allocentric). Information may also be measurements ‘met’ by the individual while navigating the world (Wm, egocentric).
The ownership schema is a mechanism that mediates in between the egocentric and allocentric information to create an estimation of the world
(West) by the navigator, which is further subjected to an error correction (Adapted from Arzy, 2021).

Likewise, in Capgras syndrome there is a shift of familiar persons
(usually close others) to strangers, as they are taken to be impos-
tors (hypofamiliarity; Capgras and Reboul-Lachaux, 1923; Blanke
et al., 2008). In contrast, in the syndrome of Fregoli the shift is
done in the other direction, where a stranger is perceived as a
familiar person (hyperfamiliarity; Hudson andGrace, 2000). In the
syndrome of subjective doubles, the shift is different: the patient
believes that a ‘double’ of themselves exists, and this double may
be in relation with a close other (e.g. pretends to be her husband’s
wife), a non-close other or a famous person (contemporary or rev-
elations of a mythic one; Christodoulou, 1978); Finally, shifts may
be seen in the same level of proximity in the condition of inter-
metamorphosis in which another person is conceived as a different
person (Malliaras et al., 1978; Bick, 1984).

The neuroanatomy of DMS varies, and case studies highlight
lesions in the frontal, temporal and parietal lobes, mostly on
the right hemisphere (for review see Feinberg and Roane, 2005;
Devinsky, 2009; Peer et al., 2014). The main area for DMS is the
right frontal lobe (Capgras and Reboul-Lachaux, 1923; Blanke
et al., 2008; Darby and Prasad, 2016). Dysfunction of the dorsal
visual pathway and disconnection in the temporal lobe between
the fusiform face area and the amygdala have been proposed
to account for some of the syndromes (Ellis and Young, 1990;
Hirstein and Ramachandran, 1997; Ramachandran and Hirstein,
1998). Disconnection between the frontal lobe (favoring delu-
sional states) and the right temporal lobe (disturbance in face
processing, and specifically impairing the association between
familiar faces and emotional values) was also suggested (Nuara
et al., 2020). Fregoli syndrome was also associated with right
frontal and left temporoparietal lesions (Feinberg et al., 1999) as
well as lesions in the FFA and the MTL (Hudson and Grace, 2000)
in a potentially similar mechanism to Capgras syndrome. Cap-
gras and Reboul-Lachaux proposed in their seminal paper that
dysfunction of brain regions involved in the experience of famil-
iarity are underlying the disorder (Capgras and Reboul-Lachaux,
1923). Using a novel method of ‘lesion network mapping’ applied
on 17 cases, Darby and colleagues (Darby et al., 2017) found all

lesions underlying these cases to be connected to a default net-
work region, the left RSc. As a result, it is thought that to suffer
from aDMS, a ‘double hit’ is needed including a specific lesion and
a disconnection to the RSc. Given the RSc’s putative role in main-
taining abstract distance information about relations in social
networks (Peer et al., 2021a), these findings suggest that DMSmay
be considered as a combination of a person-specific and domain-
general orientation disorder. The latter may involve either an
orientation-related mechanism or a specific module-related to
egocentric-allocentric transformation, while the first implicates
the person domain. Considering the findings by Darby and col-
leagues, it is possible that DMS can be interpreted as disturbances
in the cross-talk between domain-general and domain-specific
mechanisms. The domain-general one involves themechanism of
cognitive mapping and/or ego-allocentric representation of such
a map, resulting in disorganization, duplication and incorrect
placement of locations, events and people, while the domain-
specific one in DMS is the person domain. Future research is still
needed to investigate this hypothesis.

In spite of the aforementioned syndromes’ insights into social
cognition and the underlying neuroanatomy, they are primar-
ily anecdotal both by their frequency and their usually transient
effect on patients’ health. In contrast, a significant and com-
mon disorder in which such shifts may play an important role
is Alzheimer’s disease (AD; Cipriani et al., 2013). Although AD
is frequent and people recognition is a hallmark of the disorder
(Cipriani et al., 2013), notmuch is known about the clinical charac-
teristics and their underlying mechanisms of people recognition
in AD (for face recognition see Nagaratnam et al., 2003; Donix
et al., 2013; Kurth et al., 2015). Clinical observations suggest that
in AD people recognition is based on the time first encountered
and frequency of meetings more than affiliation. Likewise, peo-
ple who are best recognized are people who are known for a long
time, lived with and/or highly affiliated (e.g. spouse). Grandchil-
dren, supposedly with high affiliation are much less recognized,
unless both highly affiliated and frequently met. Professional
caregivers, who are encountered with high frequency, but with
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a lower affiliation are recognized well unless in the late stages of
the disorder). Social orientation is relatively preserved in the early
stages of AD, and is apparent only after disorientation in time (e.g.
memory disorder) and space (e.g. losing one’s way while a usu-
ally used road is blocked; Peer et al., 2014). Systematic research
is needed to quantify these observations and to investigate their
underlying mechanisms, in which non-linear transformations by
the hippocampal–entorhinal system may play a central role.

Conclusion
We highlight how hippocampal–entorhinal spatial coding prin-
ciples can guide social interactions by flexibly relating social
attributes to different individuals, social networks and the self.
Consequently, cognitive mapping by the hippocampal forma-
tion can help the social brain adopt different social perspectives.
By integrating models of the hippocampal–entorhinal system’s
role in spatial coding and memory with the circuit’s anatomical
links with brain regions guiding social cognition, future work can
uncover how the human brain effectively processes social knowl-
edge andmaintains intricate details about different individuals in
a person’s social life.
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