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Abstract

Primates have evolved diverse cognitive capabilities to navigate their com-
plex social world. To understand how the brain implements critical social
cognitive abilities, we describe functional specialization in the domains of
face processing, social interaction understanding, and mental state attribu-
tion. Systems for face processing are specialized from the level of single
cells to populations of neurons within brain regions to hierarchically or-
ganized networks that extract and represent abstract social information.
Such functional specialization is not confined to the sensorimotor periph-
ery but appears to be a pervasive theme of primate brain organization all
the way to the apex regions of cortical hierarchies. Circuits processing so-
cial information are juxtaposed with parallel systems involved in processing
nonsocial information, suggesting common computations applied to differ-
ent domains. The emerging picture of the neural basis of social cognition
is a set of distinct but interacting subnetworks involved in component pro-
cesses such as face perception and social reasoning, traversing large parts of
the primate brain.


mailto:wfreiwald@mail.rockefeller.edu
https://doi.org/10.1146/annurev-neuro-102522-121410
https://www.annualreviews.org/doi/full/10.1146/annurev-neuro-102522-121410
https://creativecommons.org/licenses/by/4.0/

382

Contents

INTRODUCTION . ...ttt e 382
FACE PROCESSING SYSTEMS AS A FRONT END
OF THE SOCIAL BRAIN .....ooiiii e 384
Head Orientation. ............oiiiiiiiiiiiiiiiiii i 384
Facial Identity . . ..o ovne ottt et et e 386
Functional Organization of Face Processing Systems ....................ooii.. 386
Connections Between Face Processing Circuits and Other Social Brain Areas....... 388
FROM SOCIAL PERCEPTION TO SOCIAL COGNITION..................... 388
Social Interaction Understanding . ............ooviiiiiiiiiiiiiiniiiiiiiineennn... 388
Levels of Primate Social Understanding ...............ccoooiiiiiiiiiii .. 389
SOCIAL COGNITION: UNDERSTANDING THE ABSTRACT CAUSAL
BASIS OF BEHAVIOR ... ..o 391
Theory of Mind in Humans and Nonhuman Primates............................ 391
Domain Specificity of Theory of Mind Responses....................cooooia. 392
Neural Basis of Person Knowledge ... 394
CONCLUSION . ... 395
INTRODUCTION

Social life in complex societies—in which members recognize one another and interpret each
other’s actions and interactions—comprises a wide spectrum of behaviors, ranging from innate
survival mechanisms to abilities relying on sophisticated cognitive processes. Primates exhibit
elaborate social behaviors that are indicative of a rich cognitive repertoire: They recognize other
conspecifics by their faces and voices (Cheney & Seyfarth 1980, Parr et al. 2000, Sliwa et al. 2011),
classify individuals based on their social status and group affiliation (Bergman et al. 2003, Shutts
etal. 2013, Silk 1999), rapidly detect and analyze social interactions between conspecifics (Grahe &
Bernieri 1999, Isik et al. 2020), and understand others’ actions and interactions in terms of under-
lying mental states—such as intentions or knowledge—that drive them (Call & Tomasello 2008).

Primate brains have evolved in response to selective pressures exerted by the need to operate in
complex societies (Dunbar 1998). Such pressures may explain the presence of brain mechanisms
specialized to processing social information. These mechanisms are not limited to systems for
high-level cognition but extend all the way to the sensory periphery—with receptors in the skin
specialized for social touch (Elias et al. 2023)—as well as systems for motor output, such as vocal-
ization control (Gavrilov & Nieder 2021). Are these rather diverse specializations related to each
other? In other words, does the social brain constitute a coherent entity? Alternatively, do these
mechanisms constitute a collection of isolated systems that evolved to perform particular social
functions? Furthermore, does the presence of neural systems specialized for social information
processing indicate that these systems perform distinct computations from the rest of the brain
(Lockwood et al. 2020)?

Here we focus on how social cognitive functions are implemented from the level of neurons to
areas and networks across the brain. We argue that (#) there is a high degree of specialization
for social cognitive function throughout the primate brain; (b) this set of specialized mecha-
nisms, collectively termed the social brain, comprises multiple distinct but interacting subsystems;
(¢) common networks within the social brain are found across humans and nonhuman primates;
(d) similarities in the anatomical organization of the social brain and adjacent nonsocial systems
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suggest common computational operations performed by each; and (e) this specialization suggests
unique opportunities for a mechanistic understanding of the neural mechanisms of intelligence
within the domain of social cognition.

To elucidate the functional organization of the social brain, we focus on social cognitive func-
tions that build on each other, allowing for increasingly deep inferences: face processing, social
interaction understanding, and theory of mind. We review the computational challenges that pri-
mates face in each domain and the organization of the neural systems that solve them. In describing
the functional organization of systems within the social brain, we highlight how they are positioned
within an overall hierarchical organization. Hierarchy is one of the main organizational principles
of the primate brain: Some brain areas are positioned closer to the sensory or motor periphery,
while others are positioned farther from the periphery and closer to the limbic system and hip-
pocampal formation (Felleman & Van Essen 1991). Studies in humans and nonhuman primates
have identified areas of cortex that are specialized for distinct components of social understand-
ing (Figure 1) throughout this hierarchy. Understanding how components of the social brain are
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Figure 1

Areas of functional specialization for social cognition in (#) humans and (b)) macaques shown from a lateral view (/eft) and medial view
(right). Areas specialized for static and dynamic face perception (salmon and purple, respectively) and high-level social cognition
(burgundy), including theory of mind, are indicated. Areas are shown schematically on computer-rendered cortical surfaces. (c) Systems
for face perception and social cognition occupy distinct regions of the primate anatomical connectome, but they interact functionally.
Abbreviations: AD, anterior dorsal; AF, anterior fundus; AL, anterior lateral; AM, anterior medial; ASTS, anterior STS; DMPFC,
dorsomedial prefrontal cortex; FFA, fusiform face area; IFG, inferior frontal gyrus; MCC, middle cingulate cortex; MD, middle dorsal;
MF, middle fundus; ML, middle lateral; MPC, medial parietal cortex; MSTS, middle STS; OFA, occipital face area; PA, prefrontal
arcuate; PL, posterior lateral; PO, prefrontal orbital; PR, perirhinal cortex; PSTS, posterior superior temporal sulcus; PV, prefrontal
ventral; sAD, social anterior dorsal; SFG, superior frontal gyrus; sPD, social posterior dorsal; ST'S, superior temporal sulcus; TP,
temporal pole; TPJ, temporo-parietal junction; VLPFC, ventrolateral prefrontal cortex; VMPFC, ventromedial prefrontal cortex.
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situated within a hierarchy can provide insight into the nature of information processing (e.g., the
level of representational abstraction), as well as relationships between different subsystems and
potential homologies across species.

FACE PROCESSING SYSTEMS AS A FRONT END
OF THE SOCIAL BRAIN

The deep inferences primates make about the actions and interactions of others are rooted in the
interpretation of perceptual information. One particularly rich source of socially relevant percep-
tual information is the face. Information from faces largely determines our first impressions of
other people (Vernon et al. 2014) and influences behaviorally significant social behaviors such as
mate choice (Currie & Little 2009). Faces provide diverse information about others, including
their identity, gaze direction, head orientation, and movement direction. They enable inferences
about unobservable mental states, including intentions, emotions, and direction of attention.

Given the importance of faces and the computational challenge of extracting facial information
from the retinal image (Leibo et al. 2017), it comes as little surprise that primates dedicate large
amounts of cortical infrastructure to this task. In the macaque monkey brain, six areas are dedicated
to the analysis of faces in each cortical hemisphere and are organized in a hierarchical fashion
along the superior temporal sulcus (STS) (Figure 24): the posterior lateral (PL), middle lateral
(ML), middle fundus (MF), anterior lateral (AL), anterior fundus (AF), and anterior medial (AM)
face patches (Tsao et al. 2008). These areas were discovered using functional magnetic resonance
imaging (fMRI) (Tsao etal. 2003, 2008). Face-selective cortical responses in humans share a similar
anatomical organization, following a posterior-to-anterior axis along the ventral visual pathway
in inferior occipitotemporal cortex (Haxby et al. 2000, Kanwisher et al. 1997, Tsao et al. 2008).
Regions that respond specifically to dynamic faces—that is, videos of moving faces—have also
been identified in macaques (Fisher & Freiwald 2015) and humans (Pitcher et al. 2011) and have
been argued to constitute a distinct subsystem specialized for processing face motion (Bernstein
et al. 2018, Pitcher & Ungerleider 2021).

Electrophysiological recordings in macaque face areas showed that almost all of the visually
responsive cells in these fMRI-identified areas are strongly face selective—that is, they respond
at least twice as much to faces than to other objects (Freiwald & Tsao 2010, Tsao et al. 2006).
While spatially disjunct, face patches form a tightly interconnected network spanning the anterior-
to-posterior axis of the ventral visual processing hierarchy (Grimaldi et al. 2016, Moeller et al.
2008). Most monosynaptic connections of face areas originate or terminate in other face ar-
eas (Grimaldi et al. 2016). This network encodes various facial dimensions relevant to social
information processing (Freiwald & Tsao 2010), including head orientation and facial identity.

Head Orientation

Head orientation is a highly relevant social signal (Figure 25). Primates are sensitive to yaw
(Emery et al. 1997, Itakura & Anderson 1996)—orientation to the left or right of the observer.
Yaw provides information about others’ direction of attention (Langton & Bruce 2000) and in-
tentions and can trigger automatic shifts of the viewer’s attention (Langton & Bruce 1999, 2000).
Pitch (or head tilt) is informative about emotional states. Pitch can also contribute to dominance
displays (Mignault & Chaudhuri 2003, Witkower & Tracy 2019) and influences judgments of
trustworthiness (Torrance et al. 2020) and attractiveness (Marshall et al. 2020).

The perception of head orientation is mainly driven by the head’s contour and the orientation
of the nose (Wilson et al. 2000) (Figure 2¢). Relative to the possible range of rigid head motion (up
to ~160° in head-neck rotation) (Ferrario et al. 2002), humans are sensitive to small differences
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(@) The core face patch system in the superior temporal sulcus of the macaque monkey consists of the face patches (in posterior-anterior
direction) posterior lateral (PL), middle lateral (ML), middle fundus (MF), anterior lateral (AL), anterior fundus (AF), and anterior
medial (AM). () Head orientation contains socially relevant information. For example, yaw is relevant for inferring attention, intention,
and emotion; pitch is relevant for the perception of emotion, dominance, trustworthiness, and attractiveness; and roll is important for
communicative and emotional signals. () Identity needs to be extracted irrespective of changes in the visual input, such as different
head orientations. Parents of monozygotic twins are highly skilled in distinguishing their children accurately despite the similarity of
visual input and outperform their children’s teachers, neighbors, and external family members. Panel ¢ adapted with permission from
Saether & Laeng (2008); copyright 2008 SAGE Publications. () Head orientation tuning (/ef?) of three areas in the macaque face
processing hierarchy: Neurons in ML are tuned to specific head orientations, neurons in AL are tuned to mirror symmetric ones, and
AM neurons are only broadly, if at all, tuned to head orientation. Predictive coding suggests that higher brain areas such as the face
patches AM and AL send predictions to lower brain areas such as face patch ML through feedback connections. This process should
endow ML prediction error signals with the tuning properties of AM/AL. Indeed, prediction errors, that is, the difference between the
prediction and the actual sensory inputs, show mirror-symmetric head orientation tuning and identity selectivity, which are tuning
properties of AL and AM, respectively (Schwiedrzik & Freiwald 2017).

in head orientation (~1.5°), especially in frontal views and at distances that are relevant for social
interactions (Troje & Siebeck 1998, Wilson et al. 2000).

Neurons responsive to head orientation are found across the temporal lobe (Oram & Perrett
1992; Perrett et al. 1985, 1991), especially in more posterior face areas such as ML (Freiwald &
Tsao 2010). Estimates of neural tuning width for head orientation vary between 20° and 100°
(Eifuku et al. 2004, Freiwald & Tsao 2010, Perrett et al. 1991). Frontal views of faces, which are
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arguably the views with which interacting agents have the most experience, seem to be overrepre-
sented (Hasselmo etal. 1989; Perrett etal. 1991, 1998). Many of these neurons are species (Murphy
& Leopold 2019) and identity invariant (Freiwald & Tsao 2010, Perrett et al. 1991), suggesting
that the face processing system extracts this property with both sensitivity and robustness.

Facial Identity

Identity is a major socially relevant piece of information that faces provide. Human cultural adap-
tations to track and verify identity, such as identification cards, point to the primacy of faces for
successful identification. Identification is a key precursor to recalling social knowledge. Confusion
of identity, in turn, can be costly, misdirecting behaviors like aggression or parental care (Tibbetts
& Dale 2007).

Humans and other primates show variability in facial morphology that can be used for in-
dividual recognition (Santana et al. 2012, Sheehan & Nachman 2014). In humans, genetic loci
associated with variation in normal facial morphology show elevated nucleotide diversity (com-
pared with loci associated with variation in height), which suggests selection for sufficiently distinct
faces (Sheehan & Nachman 2014). Humans excel in recognizing familiar individuals by the face,
most evident in the ability of parents to distinguish monozygotic twins by their faces (Saether &
Laeng 2008, Stevenage 1998) (Figure 2¢). Other primates are also able to recognize others by their
faces (Moeller et al. 2017, Rosenfeld & Van Hoesen 1979). Recognizing facial identity needs to be
invariant to identity-preserving transformations such as changes in size, head orientation, light-
ing conditions, or emotional expression, even though they can alter visual input much more than
changes in identity. Behavioral evidence shows that matching identity across these transformations
holds, particularly for familiar faces (Etchells et al. 2017).

Neurons that respond selectively to the physical differences among faces that carry identity
information have been found in the temporal lobe of macaque monkeys (Perrett et al. 1984), espe-
cially in anterior parts such as the face area AM (Freiwald & Tsao 2010). Neurons in AM respond
selectively to facial identity irrespective of head orientation, position, or size (Freiwald & Tsao
2010) and are causally relevant for identity recognition: For example, when they are stimulated
electrically, performance in an identity-matching task is strongly reduced (Moeller et al. 2017). AM
neurons are thought to span a face space that encodes structural features of faces (Chang & Tsao
2017). Availability of identity information may arise from a sensitivity of these neurons to texture
or shape differences between faces (Chang & Tsao 2017), paralleling human behavioral sensitivity
to these stimulus dimensions (Jozwik et al. 2022). Such physical differences between faces form
the basis on which familiar faces can be recognized. Two areas in the macaque monkey brain,
outside the core face processing network, are selective for facial familiarity: one in the perirhinal
cortex, and the other one in the temporal pole (TP) (Landi & Freiwald 2017). In the latter area,
neurons with high identity selectivity for specific, personally familiar faces have been found (Landi
etal. 2021), suggesting they form a linkage between generic face-space representations and person
memory.

Functional Organization of Face Processing Systems

The face processing system in the macaque monkey brain, as we have reviewed thus far, is char-
acterized by five main organizational principles: () the clustering of face-selective cells into face
areas, (b) consisting of not one but multiple areas, (¢) each with a unique functional specializa-
tion, (d) all specifically and tightly interconnected into a network, and (¢) displaying network
organization along a hierarchy.

Why are face-selective cells clustered into brain areas? Functional clustering occurs sponta-
neously in deep convolutional neural networks trained on face and object recognition (Dobs et al.
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2022), suggesting that this organizational principle may result from the nature of the computa-
tional problem posed by face recognition, rather than details unique to the system that primates
have evolved to solve it. The computational effectiveness of functional clustering, combined with
biophysical constraints on the size of axonal and dendritic processes, may explain spatial clustering
of face-selective neurons within the brain.

While biophysical constraints might suggest the evolution of a single face area, primates have
instead evolved a network of multiple areas. Face regions may thus have evolved at repeated loca-
tions along and within larger visual maps for object and color recognition (Conway 2018, Arcaro
& Livingstone 2021). This parallel organization between face and object processing extends along
the ventral visual processing hierarchy in the temporal lobe (Bao et al. 2020), suggesting that the
computations within each face area and the transformations between them are not unique for faces.

Division of labor between face areas (e.g., McMahon et al. 2015) might then be a consequence
of this large-scale organization. This organization follows a hierarchical scheme, from posterior
areas connected to early visual cortex to anterior areas connected to the hippocampal formation
via perirhinal cortex (Felleman & Van Essen 1991). In the face processing system, this hierarchy
implements two major transformations to solve the invariant face recognition problem (Freiwald
& Tsao 2010). Neurons in posterior face areas, ML and ME, are primarily sensitive to head ori-
entation (Figure 2d). Neurons in anteriorly located face area AL display partial view invariance,
exhibiting mirror-symmetric yaw tuning. And neurons in the most anterior face patch AM ex-
hibit view invariance, differentiating between identity-specific physical properties of faces. This,
together with increasing response latencies from ML to AL to AM and increasing receptive field
sizes, suggests that the brain takes a series of computational steps from relatively image-bound
representations in ML toward an abstract, view-invariant, identity-specific representation in AM
(Leibo et al. 2017).

How might hierarchical organization help solve the computational challenge of face recog-
nition? Most thinking about hierarchies has focused on feedforward processing and its ability
to generate increasingly more sophisticated representations (DiCarlo & Cox 2007). But face ar-
eas are connected by a similar density of feedforward and feedback connections (Grimaldi et al.
2016), indicating the importance of reverse information flow from high-level to low-level areas. In
a predictive coding framework (Huang & Rao 2011, Koster-Hale & Saxe 2013, Mumford 1992),
feedback connections allow higher brain areas to send predictions through to lower brain areas.
There they are compared to inputs, allowing for deviations from expectations—that is, prediction
errors—to be computed. Prediction errors are in turn propagated downstream as learning signals.

In support of this idea, there is evidence for predictive coding in the face processing hier-
archy (Issa et al. 2018, Schwiedrzik & Freiwald 2017). In one study (Schwiedrzik & Freiwald
2017) (Figure 2d), after monkeys had formed expectations about temporal sequences of faces, the
occurrence of an unexpected face led to a prediction error signal in the response of individual
ML neurons. Importantly, the prediction error in ML was identity specific—that is, tuned similar
to cells in higher-order face area AM—and showed mirror-symmetric head orientation tuning
like AL, suggesting an origin of the prediction signal in these higher face areas. Another study
(Issa et al. 2018) found prediction errors in lower-level areas for atypical and thus unpredictable
spatial face configurations, while higher areas exhibited the preference for typical configurations
expected for areas encoding higher-level predictions about face structure. While the clear func-
tional organization of the face processing hierarchy facilitated the discovery of these properties
in support of predictive coding, similar operations might exist in neighboring non-face-selective
regions (Esmailpour et al. 2023, Meyer & Olson 2011). Thus, the current understanding of the
face processing system is consistent with similar computations performed by face-preferring and
non-preferring portions of the visual hierarchy.
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Connections Between Face Processing Circuits and Other Social Brain Areas

Are systems for face processing integrated with broader regions involved in social cognition in the
primate brain? Or, alternatively, do these constitute separate, functionally isolated components of
the social brain? As discussed below, areas implicated in high-level social cognition fall within
a zone of cortex termed the default mode network (DMN). The DMN constitutes a network
of interconnected association areas across the frontal, temporal, and parietal lobes (Buckner &
Margulies 2019, Margulies et al. 2016). Originally identified in humans, a DMN is also found
in macaques and other primate species (Buckner & Margulies 2019, Garin et al. 2022, Liu et al.
2019, Mantini et al. 2011, Vincent et al. 2007) and is argued to be positioned at the apex of the
primate cortical hierarchy (Margulies et al. 2016). Recent work has suggested the presence of social
cognitive processing in several candidate homologs to human DMN areas, including the medial
prefrontal cortex (MPFC), the dorsal ST'S, and area 7a in the inferior parietal lobule (Cléry et al.
2021, Roumazeilles et al. 2021, Sliwa & Freiwald 2017). This suggests a more specific framing
of our question: Does the macaque face patch system interact with social cognition areas of the
DMN?

Studies of structural connectivity of face areas, surprisingly, have found that most connections
are with other face areas, with only a few specific connections to outside regions, which include
the medial temporal lobes (perirhinal and parahippocampal cortex), amygdala, pulvinar, and claus-
trum (Grimaldi et al. 2016, Moeller et al. 2008). The connection to the amygdala, which contains
face-selective neurons (Gothard et al. 2007), could plausibly provide a domain-specific link be-
tween face processing and social cognition systems. However, direct monosynaptic connections
between face areas and parts of the DMN have not been observed. This conclusion is consistent
with the broader literature on anatomical connectivity in the macaque, which suggests that the
ventral bank of the STS (containing face areas) and the dorsal bank (associated with the DMN)
are largely separate in anatomical connectivity (Seltzer & Pandya 1989). This pattern of anatomi-
cal connectivity indicates that systems for face perception and social cognition constitute separate
streams within a complex hierarchical structure (Figure 1¢).

In contrast, functional connectivity reveals a broad pattern of interactions (Schwiedrzik et al.
2015). While some differences are observed in the specific connectivity profiles of individual face
areas, all areas showed consistent connectivity with a distributed set of areas termed the face patch
functional connectome. Remarkably, the face patch functional connectome intersected substan-
tially with the DMN. This intersection was confined to three regions: the MPFC, medial parietal
cortex, and a region within the upper bank of the posterior STS (Schwiedrzik et al. 2015). In hu-
mans, face-responsive areas in ventral temporal cortex have stronger functional connectivity with
parts of medial parietal cortex responsive to person memory tasks (Silson et al. 2019). Thus, while
systems for face perception and social cognition in primates are situated within separate regimes of
anatomical connectivity, initial evidence argues for a specific functional interaction between these
systems. This interaction is likely mediated by indirect anatomical connections through interme-
diary areas. These results suggest that distinct components of the social brain are not entirely
isolated, but function in concert.

FROM SOCIAL PERCEPTION TO SOCIAL COGNITION
Social Interaction Understanding

Much of what a primate learns about others—their personalities, internal mental states, and group
associations—comes from observing their interactions. The visual analysis of interactions is a com-
putationally daunting problem: It concerns multiple players, such as their face, body shape, and
posture; their configuration relative to one another; and the dynamics of all of these properties,
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and even subtle details (a cold versus warm embrace) matter (Baldassano et al. 2017, Zhou et al.
2019). Yet primates readily detect interactions and understand their meaning (Su et al. 2016).

"To meet these computational challenges, which are even more demanding than those of face
recognition, a neural machinery that is at least as extensive appears necessary, and one that builds
on face and body processing systems. In both monkeys and humans, this machinery originates
within visual cortex (Wurm et al. 2017), specifically face and body areas (Abassi & Papeo 2020,
Georgescu et al. 2014, Quadflieg & Koldewyn 2017, Sliwa & Freiwald 2017). An fMRI study in
macaque monkeys localized face and body areas and found that body areas, but not immediately
adjacent face areas, were substantially more active during the observation of agents engaged in
goal-directed, nonsocial tasks and that both face and body areas were even more active during the
observation of social interactions (Sliwa & Freiwald 2017) (Figure 34,b). Thus, neural machinery
engaged by face and body shape might exhibit much more complex selectivity supporting the
understanding of whole agents and their interactions.

Dynamic social interactions engage not only face and body areas but also additional areas in
the macaque dorsal STS [social posterior dorsal (sPD) and social anterior dorsal (sAD), located
dorsally to face patches PL and AF; see Figures 1 and 3¢] (Sliwa & Freiwald 2017). Similarly, in
humans, pairwise social interactions depicted in point-light displays elicit responses in the STS
(Isik etal. 2017, Landsiedel et al. 2022, Lee Masson & Isik 2021, Walbrin et al. 2018), including an
area just posterior to the dynamic face area (Isik et al. 2017), consistent in location with previously
reported body motion responses (Deen et al. 2015). Macaque and human ST thus comprise com-
plex functional landscapes, with neural responses to social interactions found in regions selective
for dynamic faces and bodies, and beyond.

Furthermore, when macaque monkeys view social interactions, large swaths of cortex outside
of the temporal lobe are engaged (Figure 3¢). These regions include areas associated with the
DMN, including the MPFC (areas 10mr and 9m), temporo-parietal cortex (areas TPOc and 7a),
ventrolateral prefrontal cortex (including parts of areas F5, 44, 47, 12, and OPro), orbitofrontal
cortex (parts of areas 100, 111, 14r), and a region of TP (Sliwa & Freiwald 2017). Some of these
regions are so highly selective that they respond above baseline only during the observation of
social interactions and not during any other control condition (Figure 3d). A similar set of acti-
vations during the observation of social interactions is found in the evolutionarily more distant
New World marmoset monkey (Cléry et al. 2021), highlighting a common evolutionary origin of
the neural circuitry supporting complex social cognitive functions.

Levels of Primate Social Understanding

It has been argued that primates understand their social world at three levels (Cheney et al. 1986)
(Figure 3e). At the first level, there is knowledge of the individual. At the second level, primates
analyze social interactions, as we have reviewed above. And at the third level, these two sets of in-
formation are combined into structured knowledge of the relations between specific individuals.
For instance, monkeys infer their peers’ rank by watching them fight and then use this informa-
tion to recruit allies during later disputes (Schino et al. 2006, Silk 1999, Zumpe & Michael 1970).
By tracking the nature and frequency of social interactions over time, primates infer the rela-
tionships of others and classify them according to their rank (Bergman et al. 2003, Schino et al.
20006), kin (Cheney & Seyfarth 1980, Dasser 1988), friendships (Whitehouse & Meunier 2020),
partners (Pfefferle et al. 2008), and group membership (Schell et al. 2011). This process involves
not only recognizing the social encounter and individual identities but also comparing the inter-
acting individuals to each other. Little is known about where this knowledge is stored and how it
is used, particularly at the level of neural coding. That said, the computational demands of these
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Figure 3 (Figure appears on preceding page)

(@) Watching agents in naturalistic videos enhances functional MRI (fMRI) signal in the core face patch system and the core body patch
system in the superior temporal sulcus (STS) and frontal cortex. A statistical map of enhanced activation is shown on a flattened F99
cortical model of the right hemisphere, with dark gray regions representing sulci and light gray regions representing gyri [P < 0.01,
false discovery rate (FDR)-corrected for multiple comparisons, asterisks indicate body patches for which location varied in between
subjects (bottorn)]. Panel # adapted from Sliwa & Freiwald (2017). () When agents are acting, fMRI activation is enhanced in the body
but not face patches. When agents are interacting, fMRI activation is enhanced in both body and face patches. Scatter plots are
normalized signal changes for the contrast for all face and body patches. (/) Watching social interactions in naturalistic videos shows an
extended network of regions that are significantly activated, including in the ST'S social posterior dorsal (sPD) and social anterior
dorsal (sAD) areas. Burgundy lines outline areas that are exclusively activated by videos of social interactions only and either deactivated
or not activated by any other visual stimulation [exclusively social interaction network (ESIN)], and these areas include the medial and
dorsomedial prefrontal cortices (mPFC and dmPFC), the ventrolateral prefrontal cortex (VLPFC), the temporal pole (TP), and parietal
area 7a (bottom). Asterisks indicate location of sPD and sAD. Panel ¢ adapted from Sliwa & Freiwald (2017). (d) Scatter plots represent
percent of fMRI signal change in regions of interest of the ESIN for videos of social interactions and any other naturalistic videos. Data
for panel d from Sliwa & Freiwald (2017). (¢) Schematic of primates’ three levels of social understanding of their societies based on
Cheney et al. (1986). Macaque photos by V. Martignac and F. Wu.

processes—requiring abstract representations of individuals and their relationships—may require
neural machinery positioned relatively high in the cortical hierarchy. Indeed, studies in humans
suggest that abstract knowledge about individuals is encoded at the apex of the cortical hierarchy,
within the DMN (Koski et al. 2017, Mason et al. 2014).

SOCIAL COGNITION: UNDERSTANDING THE ABSTRACT CAUSAL
BASIS OF BEHAVIOR

Theory of Mind in Humans and Nonhuman Primates

Social cognition is not confined to the processing of sensory information and inferences about
observable physical entities, such as recognizing their identity. We understand others’ actions in
terms of inferred underlying causes—unobservable mental states like beliefs, intentions, and emo-
tions. We use theory of mind (ToM): an internal causal model of how states interact and give rise
to behavior (Baker et al. 2017). This process is refined by our experience with familiar individu-
als, which enables us to predict their behavior using social memory—information about familiar
conspecifics stored in long-term memory (Srull & Wyer 1989). ToM is computationally chal-
lenging: It requires representing knowledge about the world—complex propositional states such
as “Emily hopes to pursue a career as a physician”—and understanding how causal relationships
between propositional states influence behavior (Anzellotti & Young 2020).

While social cognition has been studied most extensively in humans, behavioral research with
nonhuman primates demonstrates an understanding of conspecifics’ actions. A range of species,
including macaques and nonhuman great apes, can predict another animal’s actions based on what
the other animal has observed in the past (Hare et al. 2001, Kano et al. 2019, Santos et al. 2006),
which has been argued to constitute an understanding of others’ knowledge (Call & Tomasello
2008, Phillips et al. 2021). Monkeys and apes are also sensitive to others’ goals and intentions,
further components of a causal understanding of behavior (Call et al. 2004, Phillips et al. 2009).
Debate continues as to how rich and human-like theories of mind are in nonverbal animals (Heyes
2015, Penn & Povinelli 2007). In particular, the ability of nonhuman primates to represent full,
belief-like propositional states, as opposed to distinguishing between knowledge and ignorance,
remains contested (Phillips et al. 2021). Nevertheless, positing some form of internal causal model
or proto-ToM provides a parsimonious explanation for a diverse array of behavioral phenomena
in primates (Call & Tomasello 2008).

Neuroimaging studies of ToM in humans have reliably found that a set of brain regions across
high-level association cortex in the frontal, parietal, and temporal lobes are engaged when we
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reason about other people’s behavior, relative to a range of control conditions (Fletcher et al.
1995, Saxe & Kanwisher 2003) (Figure 1). These areas fall within the DMN (Buckner et al. 2008,
Raichle 2015), including the MPFC, medial parietal cortex (MPC, including the posterior cingu-
late cortex and precuneus), TPJ (centered on the angular gyrus), STS, TP, and superior frontal
gyrus. Given their anatomical positioning at the tip of associative cortices near the apex of the
cortical hierarchy, these areas are well placed to generate high-level predictions about others’
behavior based on abstract mental states (Koster-Hale & Saxe 2013).

Homologs of the human DMN), as we have seen above, also exist in nonhuman primates. A
DMN has been identified in terms of functional and anatomical connectivity in macaques (Mantini
etal. 2011, Vincent et al. 2007) and marmosets (Buckner & Margulies 2019, Liu et al. 2019). fMRI
studies on social interaction described above have provided evidence for evolutionary precursors
to human social cognition responses within the DMN (Cléry et al. 2021, Roumazeilles et al. 2021,
Sliwa & Freiwald 2017). While social responses within MPFC (areas 9 and 10) afford a straightfor-
ward potential homology across species, homologies within the parietal and temporal lobe remain
debated. Some have argued that the socially responsive macaque mid-STS is a homolog to the hu-
man TPJ (Mars et al. 2013, Ninomiya et al. 2021, Roumazeilles et al. 2021). An alternative view is
that the macaque homolog of TPJ falls within area 7a, also known as PG/Opt. Just inferior to the
intraparietal sulcus, macaque 7a shares gross anatomical and cytoarchitectonic properties with the
human angular gyrus or area PG (Niu & Palomero-Gallagher 2023). This area forms the lateral
parietal node of the DMN in macaques and has a strongly selective response to social interaction
over other visual inputs (Sliwa & Freiwald 2017). Based on this hypothesis, social responses in the
macaque mid-STS could instead form precursors to human ToM areas in middle or anterior STS.

Domain Specificity of Theory of Mind Responses

How do neural systems for social cognition relate to the machinery for other high-level cogni-
tive functions, such as long-term memory and domain-general reasoning? In addition to ToM
tasks, brain areas within the DMN have been found to respond during tasks that involve inter-
nal thought processes, such as recalling episodic memories or imagining future events (Addis et al.
2007, Szpunar et al. 2007). This coarse anatomical similarity between patterns of response to ToM
and other tasks has been taken as evidence that the DMN is a domain-general system for abstract
reasoning and memory (Barrett & Satpute 2013, Buckner & Carroll 2007, Margulies et al. 2016,
Spreng etal. 2009). However, this argument relies on a comparison of fMRI responses at the group
level—after combining responses from multiple individual brains in a standard template space—
and this method entails spatial blurring that can introduce spurious overlap between nearby but
distinct functional responses (Fedorenko 2021, Saxe et al. 2006). In contrast, studies of responses
from functionally defined ToM-sensitive regions within the DMN in individual brains found re-
sponse profiles that were strongly selective for social content, arguing in favor of a domain-specific
system (Saxe & Kanwisher 2003, Saxe & Powell 2006).

Recent work has advanced this debate by characterizing precise functional architecture within
the DMN. Silson et al. (2019) identified a distinct set of regions within the MPC that are engaged
during recall of familiar people and places, showing an alternating pattern of response along the
axis of the cingulate sulcus (Figure 44). Braga & Buckner (2017), analyzing functional connec-
tivity in densely sampled individual participants, found that the DMN constitutes two distinct,
spatially interdigitated subnetworks, with resting-state correlations observed within each network
but not between the two (Figure 4b). DiNicola et al. (2020) provided an initial functional char-
acterization of these two subnetworks, establishing a double dissociation in which one network
responded during a ToM task, while the other responded during an episodic recall task. These
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Domain-specific functional organization within the default mode network (DMN). (#) Different areas within the medial parietal cortex
respond during the recollection of familiar faces and scenes. These areas show an alternating pattern of domain preferences along the
axis of the cingulate sulcus. Panel # adapted from Silson et al. (2019) (CCO 1.0). (b) Resting-state functional connectivity identifies two
parallel, interdigitated networks within the DMN. Signals from within network are spontaneously correlated across different lobes and
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individual subject). Data for panel ¢ from Deen & Freiwald (2021). (d) Responses to multiple tasks that involve thinking about familiar
people and places, extracted from person- and place-preferring regions within the DMN (medial parietal cortex is shown as an example;
similar response profiles are observed in other areas). These results demonstrate the domain specificity of functional responses within
the DMN. Furthermore, they show that similar regions respond to tasks that involve thinking about familiar people, and a standard
theory of mind (ToM) localizer. Data for panel 4 from Deen & Freiwald (2021).

www.annualreviews.org o Social Understanding in the Primate Brain 393


https://creativecommons.org/publicdomain/zero/1.0/
https://creativecommons.org/licenses/by/4.0/legalcode

394

findings suggest that previously observed functional overlap within the DMN may have resulted
from the blurring of two finely interdigitated networks as a result of group averaging.

How then should we understand the functional role of DMN subnetworks? While neuroimag-
ing studies typically contrast two conditions to isolate a specific cognitive or perceptual process,
individual comparisons generally contain confounds that allow for alternative explanations. One
way to overcome this limitation is to study responses in individual humans performing a whole
range of tasks, thus providing a rich functional characterization across conditions with differing
confounds (Deen et al. 2015).

Using this approach, a recent study has argued that parallel DMN subnetworks can be under-
stood as implementing a common cognitive process across distinct content domains rather than
separate processes such as ToM and episodic recall (Deen & Freiwald 2021). Specifically, the au-
thors hypothesized that these two networks support internal models of familiar people and familiar
places, respectively. To test for domain specificity within the DMN, individual participants were
scanned several times while performing a range of tasks eliciting representations of familiar people
and places: visual perception, semantic judgment, and episodic projection. One DMN subnetwork
specifically responded to familiar people across different tasks, while the other subnetwork specif-
ically responded to familiar places across tasks (Deen & Freiwald 2021) (Figure 4c,d). While a
difference in response to people versus places in one task could be driven by a confound (e.g., im-
ages of people and places have different visual features), observing a consistent category preference
across multiple tasks cannot be explained by a confound unique to any one task and is more easily
explained as an effect of content domain. These results provide strong evidence against the notion
of a domain-general DMN, instead arguing that subsystems within the DMN process informa-
tion from distinct domains. That said, similar to the organization of face processing areas in the
ventral visual stream, areas within the DMN involved in high-level social cognition have a parallel
organization to areas involved in nonsocial processing, indicating a parallel computational role.

Neural Basis of Person Knowledge

In addition to mental states, primates use information about other specific animals to make infer-
ences about their behavior. In humans, research in social psychology has argued that personalities
are modeled in terms of low-dimensional feature spaces, with continuous values for traits like
valence—whether someone is good or bad—and competence or causal efficacy (Anzellotd &
Young 2020, Fiske et al. 2007).

In the macaque brain, Biez-Mendoza et al. (2021) identified neurons within the dorsal MPFC
(area 24) with responses tuned to the identity of other animals during a three-animal economic
game. These cells were only active during interactions and not when simply looking at another
monkey. This finding contrasts with the aforementioned neurons in the TP that represent
familiar faces in macaque temporal cortex (Landi et al. 2021), as well as fMRI evidence for
representations of familiar faces in human MPFC (di Oleggio Castello et al. 2017). Rather than
providing a generic identity representation, neurons in area 24 track other monkeys’ reward
history, monitor the social outcomes of others’ choices, and predict future reciprocation and
retaliation (Bdez-Mendoza et al. 2021).

These findings motivate the question whether social knowledge and ToM are supported by
separate systems. Prior studies in humans have identified responses within the DMN to both ToM
and familiar person tasks (Gobbini & Haxby 2007, Mitchell 2009, Tamir et al. 2016, Thornton &
Mitchell 2017), as well as tasks involving judgments about the relative status of multiple individuals
(Koski et al. 2017, Mason et al. 2014). However, these comparisons have only been made at the
group level and not within individual brains. A recent study found that the social subnetwork of the
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DMN responded strongly to both a previously established ToM localizer task and various familiar
person tasks (Deen & Freiwald 2021) (Figure 4d). Areas defined by a ToM contrast also responded
strongly to social memory manipulations, and vice versa. These data argue for a common system
for reasoning about mental states and storing information about familiar people in long-term
memory. This system may support the formation of internal causal models of specific familiar
people using information from experience to support refined behavioral predictions for specific
familiar others. Such models make high-level predictions about others’ behavior, which may in
turn inform processing in lower-level areas representing information about social interactions,
actions, bodies, and faces.

CONCLUSION

Functionally specific areas for social information processing can be found across primate cortex
(Figure 1). These areas interact with one another, forming a social brain—a neural system special-
ized for social cognition. In face processing circuits (Figure 2), specialized face cells are grouped
into face areas at highly reproducible locations and with functional properties that are highly ho-
mogenous locally, yet qualitatively different across areas. Face regions are bound together through
highly specific connections into a higher level of organization: a face processing network, in which
information is transformed from one node to the next. Interspersed in this face processing net-
work are visual regions that process non-facial information, revealing a juxtaposition of social and
nonsocial information processing circuits in the primate.

The face processing network forms one of multiple subcircuits of the social brain, along with a
system for social cognition positioned within the DMN. These systems fall within distinct regimes
of anatomical connectivity but appear to interact functionally, consistent with the idea that the so-
cial brain constitutes a coherent entity. Though our mechanistic understanding of social cognition
systems in the brain is much less advanced than that of the face processing system, similar organi-
zational motifs between systems and homologies across species suggest promise for a systems-level
understanding of high-level processes. The high level of specialization and the juxtaposition of so-
cial and nonsocial information processing circuits are not limited to the sensory periphery. This
organization is maintained throughout the cortical hierarchy (Figure 4). This picture of the social
brain suggests that processes such as the construction of ToM-like internal causal models might
become just as mechanistically tractable as face processing already has. The homologies that ex-
ist between different primate species will be important in transferring such detailed mechanistic
knowledge to understand the human social brain and to uncover general principles of social brain
function. They will also help elucidate just how much detailed organization—from single cells
and local feature maps to areas, networks, and subcircuits—exists within the social brain.
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