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Objective: Partnered interactions are a key manifestation of the cooperative nature of the
human species. Partnering can take on a diversity of formats, including cognitive
activities like problem-oriented conversations and physical tasks like moving furniture
together. The primary objective of the present study was to use quantitative meta-analysis
techniques to explore the neural basis of partnered interaction in search of domain-general
brain areas common across interaction modalities. Method: An activation likelihood
estimation (ALE) meta-analysis of 18 functional neuroimaging studies was conducted
that contrasted task performance with a partner and task performance in the absence of an
interactive partner. Various interactive tasks were included that covered both cognitive
and physical formats of partnering. Results: The results of the meta-analysis revealed a
single significant ALE cluster with two subpeaks in the right temporoparietal junction
(rTPJ), an area strongly associated with mentalizing, social prediction, and cooperation.
Conclusions: The identification of the rTPJ as the principal cross-modal area for
partnering highlights the role of implicit mentalizing in all forms of partnered interaction.
The discovery of two distinct subpeaks may indicate unique differences in mentalizing
function between the two areas.

Public Significance Statement

The neuroscience of real-time social interaction has garnered a great deal of attention
among researchers in recent years. We conducted a meta-analysis of 18 neuroimaging
studies of partnered interaction across both cognitive and physical tasks. The results
indicate the importance of mentalizing and social prediction for the process of
partnering across diverse modalities of interaction.
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Humans are a highly cooperative species, and
people readily engage in a multitude of collabo-
rative behaviors that serve joint goals (Axelrod &
Hamilton, 1981; McNeill, 1995; Pacherie, 2012;
Trivers, 1971). Such behaviors include both cog-
nitively oriented tasks (e.g., jointly consulting a
map to determine the best route to a destination)
and physical actions (e.g., moving furniture
together, engaging in group dancing). Partnered
interaction is predicated on the cooperative cog-
nitive and motoric skills that emerged in early
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human evolution and continue to shape cognition
and culture in the modern era. The behavioral
synchrony and interpersonal coordination found
in human bonding rituals, such as music and
dance, have been shown to promote the attribution
and understanding of intentional states between
interacting partners (Baimel et al., 2015, 2018),
enhancing mutual cognitive alignment and coop-
erative engagement (Kokal et al., 2011; Reddish
et al., 2013; Valdesolo et al., 2010).

Given the centrality of social interactions to
human behavior, it is paradoxical that most social
neuroscience research has been conducted using
individual participants in isolation making social
observations from the noninteractive “third-
person” vantage point of an external spectator
(Sameen et al., 2013; Schilbach et al., 2013).
Redcay and Schilbach (2019) argued that research
on the neural basis of social cognition needs to
broach “second-person neuroscience” by exam-
ining real-time social interactions between people.

Partnering can be studied across a variety of
tasks but is primarily defined as two or more
individuals engaging in a cooperative interaction
while adjusting their behaviors in response to one
another’s actions. Partnering depends on real-
time feedback loops involving concurrent mutual
adjustment and contingent cooperative coordina-
tion (Keller et al., 2014). This has been well
studied at the sensorimotor level with regard to
joint physical actions, such as the microadjust-
ments in timing that two pianists make while
performing a duet (Goebl & Palmer, 2009).
Such phenomena have been analyzed in the
literatures devoted to action coordination
(Sebanz et al., 2007) and rhythmic synchroniza-
tion (Kelleretal., 2014). The tasks in these studies
typically have high physical-effort requirements
that rely on motor adaptivity and action simula-
tion (Sebanz & Knoblich, 2009).

Partnering has also been studied in sociocog-
nitive contexts that lack the precise motor syn-
chrony requirements of joint physical actions.
This includes tasks such as conversation
(Rauchbauer et al., 2019), cooperative economic
games (e.g., prisoner’s dilemma game; Rilling
et al., 2004), and collaborative problem-solving
(Shpurov etal., 2020) that all require a high degree
of mental effort and conceptual thinking.
Although the various forms of partnered interac-
tions rely on different effector systems and tem-
poral dynamics, they all share a requirement for
ongoing mutual adjustment to maintain the

exchange. Despite recent advances in the neuro-
imaging of social interactions (e.g., novel hypers-
canning techniques; Czeszumski et al., 2020;
Misaki et al., 2021), little work has attempted to
identify domain-general mechanisms that are
common to the various formats of partnering.

One such mechanism might be mentalizing,
which is the process of inferring and predicting
the mental states of another person, including
their emotions, beliefs, and intentions (Frith &
Frith, 2006; Nichols & Stich, 2003). The cogni-
tive and neural bases of mentalizing have been
well examined in experimental studies, but this
has generally occurred outside of the context of
partnering, typically employing fictional scenar-
ios in which participants are tasked with making
mental state inferences about characters from the
perspective of a passive spectator (Koster-Hale &
Saxe, 2013). Most of these studies have focused
on the process of explicit mentalizing, whereby
participants are directly asked to report on the
mental states of others. The application of such
studies to partnered interaction is limited by the
fact that many forms of partnering are nonverbal
(e.g., dancing), and even those that are verbal
are far more likely to involve implicit mentaliz-
ing than explicit statements about a partner’s
emotions and beliefs. Key questions about the
neural basis of partnering that need to be ad-
dressed include whether the brain system that
mediates explicit mentalizing is also active dur-
ing implicit mentalizing and whether the brain
system that mediates mentalizing in a spectator
context is also active during face-to-face social
interactions (Alkire et al., 2018; Redcay
et al., 2010).

The brain network that mediates mentalizing in
spectator contexts is known as the mentalizing
system and includes the temporoparietal junction
(TPJ), posterior cingulate cortex (PCC), medial
prefrontal cortex (mPFC), and anterior tempor-
opolar cortex (ATPC; Frith & Frith, 2003, 2006;
Spunt & Lieberman, 2013). Studies of physical
partnering provide evidence that the mentalizing
system can be activated by tasks that have no
requirement for explicit mentalizing, such as
when participants are instructed to jointly control
a force transducer (Abe et al., 2019) or jointly
balance a bar (Newman-Norlund et al., 2008)
without verbal communication. This corroborates
the results of cognitive studies showing that the
mentalizing system is activated when people
implicitly mentalize (i.e., in a passive manner)
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during a social exchange (Naughtin et al., 2017
Van Overwalle & Vandekerckhove, 2013).

There is increasing evidence that the mentaliz-
ing system is active during face-to-face interac-
tions (Redcay et al., 2010), suggesting a role for
implicit mentalizing in partnering. In particular,
the TPJ appears to be a promising candidate for a
brain area that might mediate implicit mentalizing
during collaborative actions. The TPJ is active
during both joint actions and sociocognitive
problem-solving spanning a wide variety of tasks
(e.g., physical interaction, Chauvigné etal., 2018;
joint attention, Koike et al., 2019; cooperative
puzzle solving, Shpurov et al., 2020; cooperative
word games, Salazaretal.,2021). The established
role of the TPJ in intention processing and the
attribution of mental states to others during pas-
sive spectator tasks (Saxe & Kanwisher, 2003;
Saxe & Wexler, 2005) may explain why this area
is active during partnered tasks.

The principal objective of the present study
was to conduct a meta-analysis of functional
neuroimaging studies of partnered interaction
with the aim of identifying domain-general brain
areas that are active across the diverse formats of
partnering. To the best of our knowledge, no
previous studies have attempted to quantitatively
address the overlap in brain areas reported across
the functional magnetic resonance imaging
(fMRI]) literature on partnered interaction. We
used activation likelihood estimation (ALE)
meta-analysis to explore the neural correlates
of partnered interaction in a cross-domain fash-
ion, examining studies of both physical and so-
ciocognitive interactions. The ALE meta-
analysis was carried out on a set of 18 functional
neuroimaging experiments that contained a con-
trast between a task performed with a partner and
the same task performed individually without
mutual adjustment requirements. This design
was intended to reveal brain areas specific for
partnering while controlling for the sensorimotor
demands of task performance. The partnering
tasks included in the meta-analysis covered the
two broad categories of physical partnering
(motor adaptivity, joint action) and cognitive
partnering (sociocognitive problem-solving, con-
ceptual thinking). The TPJ was predicted to be a
major cross-domain brain area for partnering, as
based on its presence in a number of studies of
partnering across modalities (outlined above).
Other mentalizing areas, such as the PCC and
mPFC, were also expected to be concordant

across studies. The cerebellum was predicted to
be another concordant brain region due to its role
in anticipatory adjustment and error correction
(Van Overwalle et al., 2015). Finally, motor-
planning areas such as the premotor cortex
(PMC) and supplementary motor area were ex-
pected to be present due to the inclusion of tasks
involving action observation and sensorimotor
adaptivity.

Method

ALE is a coordinate-based statistical meta-
analysis method that determines the convergence
between activation foci reported in a set of neu-
roimaging experiments (Eickhoff et al., 2009;
Turkeltaub et al., 2002). All foci are modeled
as three-dimensional Gaussian probability distri-
butions centered at the given stereotactic coordi-
nates (x, y, z). The width of each distribution is
based on empirical estimates of spatial uncer-
tainty constrained by sample size such that an
increase in participant number leads to increasing
certainty in the activation profile (Eickhoff et al.,
2009). The probability distributions are arranged
into an activation map containing the probability
of an activation being located at each individual
voxel. The activation map is then tested for
convergence against a null distribution of simu-
lated, spatially independent gray matter activa-
tions using a random-effects analysis. The result
provides an ALE score for each peak in a given
significant distribution cluster based on the
threshold permutations, cluster-level family-
wise error threshold (FWE), and a cluster-
forming threshold determined a priori. An ALE
score is analogous to an effect size reported in
standard meta-analyses outside of the neuroim-
aging field (Eickhoff et al., 2012).

Inclusion Criteria

The neuroimaging studies included in the
meta-analysis were obtained through searches
of the PubMed database. To identify relevant
studies, we used the search term “fMRI” followed
by at least one of the following keywords:
“partner,” “mentalizing,” “social,” “interact,”
“cooperation,” and “‘joint action.” Further studies
were obtained through an examination of the
reference sections of the identified studies and
any additionally identified studies also had their
reference sections examined in the same manner,
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thus extending the search beyond the PubMed
database. Finally, the obtained articles were
entered into the Google Scholar database to
search for later articles that had cited them. A
flow diagram of the article selection process is
presented in Supplemental Figure 1 according to
Preferred Reporting Items for Systematic Re-
views and Meta-Analyses (PRISMA) guidelines
(Pageetal.,2021). The articles covered two broad
categories based on the nature of the task in the
experiment (Figure 1). All joint action tasks were
part of the “physical partnering” category. All
interactive tasks without a joint action require-
ment were part of the “cognitive partnering”
category. All studies were combined into a single
meta-analysis, and the physical/cognitive distinc-
tion was only used for post hoc interpretation. The
inclusion criteria for experiments in the meta-
analysis were as follows:

1. Only neuroimaging studies using fMRI
with healthy participants were included.
All other forms of neuroimaging were
excluded to maintain comparable spatial
resolution for the ALE analysis.

2. The studies must have reported whole-
brain activation analyses using standard-
ized stereotaxic coordinates in either
Talairach or Montreal Neurological

Figure 1
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Institute (MNI) space. Studies that used a
masking procedure, reported only partial
brain coverage, or reported only specific
region-of-interest analyses were excluded.

3. The studies must have included partici-
pants concurrently performing a partnering
task that required mutual adjustment,
thereby excluding studies in which parti-
cipants interacted over a considerable time
delay or without reciprocity requirements.

4. The studies must have reported a contrast
between a partnered task and a matched
nonpartnered control task. The latter could
take the form of either a solo task or a
two-person task not requiring mutual
adjustment.

For studies that reported two or more similar
contrasts, only one of them was included in the
analysis to avoid artificially increasing the con-
cordance of the activated regions (Miiller et al.,
2018). The contrast that was selected was the one
that best matched the contrasts in the other
selected studies, without any consideration for
the results. This restriction was applied to the
following articles that met the inclusion criteria:
Newman-Norlund et al. (2008), Chaminade et al.
(2012), Decety etal. (2004), and Lee et al. (2018).
Redcay et al. (2010) was the only publication to

List of Studies and Experiments Included in the Meta-Analysis

Reference Task Selected Experiment
Alkire et al. (2018) Mental state reasoning Peer > Character
Chaminade et al. (2012) Rock/paper/scissors Intentional agent > Random agent
Decety et al. (2004) Pattern making game Cooperation > Independent
Elliot et al. (2006) Coin flip game Cooperation > Playing alone
w Kircher et al. (2009) Prisoner’s dilemma game Human > Computer
£ Koike et al. (2020) Joint attention Joint attention > Control
Z Leeetal (2018) Tetris-like game Cooperation task > Individual task
g Redcay et al. (2010) Joint attention Joint attention > Solo attention
(5] Eye-gaze communication game Live > Recorded
Rice et al. (2016) Mental state reasoning Live > Recorded
Salazar et al. (2021) Word games STST > LLG
Schilbach et al. (2010) Joint attention Other > Self
Schuwerk et al. (2017) Posner spatial cueing paradigm  Social > Non-social
Shpurov et al. (2020) Grid puzzle Group = Individual problem solving
Xie et al. (2020) Drawing Collaborative > Independent
-
g Abe et al. (2019) Joint grip-force matching Perform joint > Perform single
@ Chauvigné et al. (2018) Partnered hand dancing Partnered > Non-partnered
>=' MNewman-Norlund et al. (2008) Joint grip-force bar balancing Isomorphic > Solo
o
Note. LLG = last letter game; STST = “say the same thing” game.
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run two separate participant groups in distinct
experiments that both met the inclusion criteria.
Data from both experiments of this article were
included. The final meta-analysis included 18
experiments (273 foci, 431 participants) from
17 published studies. The study set (see Figure 1)
comprised three physical partnering experiments
(Abe et al., 2019; Chauvigné et al., 2018;
Newman-Norlund et al., 2008) and 15 cognitive
partnering experiments (Alkire et al., 2018;
Chaminade et al., 2012; Decety et al., 2004;
Elliott et al., 2006; Kircher et al., 2009; Koike
etal., 2019; Lee et al., 2018; Redcay et al., 2010;
Rice et al., 2016; Salazar et al., 2021; Schilbach
etal.,2010; Schuwerk et al., 2017; Shpurov et al.,
2020; Xie et al., 2020).

The meta-analysis was performed using Ginger-
ALE 3.0.2 (www.brainmap.org/ale) according to
standard methods (Eickhoff et al., 2009, 2012,
2016; Miiller et al., 2018). We converted Talairach
coordinates to MNI coordinates within GingerALE
prior to the analysis because the majority of the
included experiments reported coordinates in MNI
space. The meta-analysis was performed with
5,000 threshold permutations and a cluster-level
FWE threshold of p < .05 with a cluster-forming
threshold of p < .001. The resulting ALE map was
registered onto an MNI-normalized template brain
using Mango 4.1 (ric.uthscsa.edu/mango).

Contribution Analysis

A descriptive “contribution analysis” (CA) was
conducted to further investigate the brain areas

Figure 2
ALE Results Registered Onto an MNI-Normalized Template Brain

involved in partnered interactions. The activated
brain regions across all experiments were summa-
rized to determine their prevalence across the
sampled literature. This was done because of the
stringent statistical constraints imposed by ALE
meta-analysis, which require overlap at the voxel
level. The CA was conducted at the coarser level of
the anatomical region to serve as a qualitative
parallel to the voxel-based approach of ALE.
The activation coordinates reported in the included
articles were classified with respect to two func-
tional brain networks: (a) the mentalizing system,
with four constituent anatomical regions (TPJ,
PCC, precuneus [PCu], and mPFC) and (b) motor
and premotor areas, with three constituent regions
(lateral PMC, inferior frontal gyrus [[FG], and
cerebellum). For each anatomical region, the per-
centage of experiments in the meta-analysis that
reported a significant activation in that region was
calculated.

Results

Figure 2 presents the results of the ALE meta-
analysis registered onto a template brain. The
MNI coordinates of the ALE peaks are listed in
Table 1. The results revealed a single ALE cluster
with two subpeaks differing in anteroposterior
location. This cluster was located in the right TPJ
(rTPJ; Figure 2), a core component of the men-
talizing system. No additional clusters were
found at lower cluster-forming thresholds (data
not shown).

Note.

The MNI z level is indicated below each slice. The left side of the slice (L) is the left side of the brain.

ALE = activation likelihood estimation; MNI = Montreal Neurological Institute; rTPJ = right temporoparietal

junction.
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Table 1
Results of the ALE Meta-Analysis

MNI coordinates

Cluster/brain region ~ BA X y b4 ALE

rTPJ 39 58 -46 26
60 54 24

0.031
0.021

Note. Stereotaxic coordinates are presented in millimeters
along the left-right (x), anterior—posterior (y), and superior—
inferior (z) axes. The ALE column reports the ALE score for
each cluster. ALE = activation likelihood estimation; MNI =
Montreal Neurological Institute; BA = Broadman area;
r'TPJ = right temporoparietal junction.

The results of the CA are presented in Table 2.
The rTPJ activation from the ALE analysis was
reported in 50% (9/18) of the experiments. Addi-
tional functional areas that were found in the CA
but were not sufficiently concordant to form
significant ALE clusters included: (a) mentaliz-
ing areas: left TPJ (1TPJ; 44.4%), PCC (22.2%),
PCu (38.9%), and mPFC (33.3%) and (b) motor/
premotor areas: PMC (44.4%), IFG (44.4%), and
cerebellum (44.4%). In total, 12 experiments
(66.7%) reported activation in either the 1TPJ
or rTPJ and, of those experiments, five reported
bilateral TPJ activations. The rTPJ appeared to be
more prominent in the physical tasks than the
cognitive tasks (100% vs. 40%, respectively). In
addition, while the IFG and cerebellum were
more prominent in the physical tasks than the
cognitive tasks, the PMC was more similar across
the task categories.

The observed ALE peaks were compared to
1TPJ peaks reported in seven published ALE
meta-analyses of theory-of-mind functioning

Table 2
Contribution Analysis

(Bzdok et al., 2012; Decety & Lamm, 2007;
Krall et al., 2015; Kubit & Jack, 2013;
Molenberghs et al., 2016; Schurz et al., 2014;
van Veluw & Chance, 2014) to validate that the
rTPJ coordinates observed in the present ALE
analysis could be reasonably associated with the
process of mentalizing. Table 3 presents 13 rTPJ
peaks from these analyses, all derived from stan-
dard spectator-based mentalizing tasks. All peaks
are reported in MNI space. The accrued meta-
analyses indicate an average mentalizing-related
rTPJ coordinate of x = 55, y = =53, z = 22,
marking the location of the angular gyrus in the
inferior parietal lobule. The rTPJ subpeaks from
the present meta-analysis—with coordinates x =
58,y=—-46,z=26and x=60,y=—-54,7=24—
thus appear to be compatible with the peaks
reported in the meta-analyses of theory-of-
mind, with the posterior peak appearing to be
especially similar.

Discussion

To investigate the neural basis of partnered
interaction cross-modally, we conducted an ALE
meta-analysis of 18 neuroimaging experiments,
incorporating tasks of both physical and socio-
cognitive partnering (Figure 1), all of which
controlled for the sensorimotor features of part-
nered task performance using a matched nonin-
teractive baseline condition. The rTPJ was found
to be the most concordant area of activation
across these studies. This result conforms with
the prediction that the rTPJ would be a cross-
modal brain area across domains of partnering,
suggesting that implicit mentalizing may be a

Mentalizing system

Motor/premotor areas

Experiment
category rTPJ ITPJ PCC PCu mPFC PMC IFG Cerebellum

Physical 3/3 2/3 0/3 3/3 1/3 1/3 2/3 2/3
100% 66.7% 0% 100% 33.3% 33.3% 66.7% 66.7%

Cognitive 6/15 6/15 4/15 4/15 5/15 6/15 6/15 6/15
40% 40% 26.7% 26.7% 33.3% 46.7% 40% 40%

Total 9/18 8/18 4/18 7/18 6/18 8/18 8/18 8/18
50% 44.4% 22.2% 38.9% 33.3% 44.4% 44.4% 44.4%

Note. The table indicates the number (and percentage) of studies that report activations in eight anatomical regions across the

three physical experiments, 15 cognitive experiments, and 18 experiments overall. r'TPJ = right temporoparietal junction;
ITPJ = left temporoparietal junction; PCC = posterior cingulate cortex; PCu = precuneus; mPFC = medial prefrontal cortex;

PMC = premotor cortex; IFG = inferior frontal gyrus.
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Table 3

Summary of rTPJ Peaks Reported in Seven Published Meta-Analyses of

Theory-of-Mind Functioning

1'TPJ peak
Authors Meta-analysis x, y, 2)

Bzdok et al. (2012) Theory-of-mind 56, =50, 18
Empathy 52, —58, 22

Conjunction 52, =58, 20

Decety and Lamm (2007) Empathy 56, =56, 22
Theory-of-mind 60, —52, 20

Krall et al. (2015) False belief 54, =52, 26
Kubit and Jack (2013) Attention reorienting 60, —46, 22
Theory-of-mind 56, =55, 26

Molenberghs et al. (2016) Theory-of-mind 52, =52, 22
54, =54, 26

Schurz et al. (2014) False belief 56, —47, 24
Theory-of-mind 56, =56, 18

van Veluw and Chance (2014) False belief 55, =53, 24
The present analysis Partnered interaction 58, —46, 26
(cross-modal) 60, —54, 24

Note.

The studies are listed alphabetically. Coordinates are reported in MNI

space. r'TPJ = right temporoparietal junction; MNI = Montreal Neurological

Institute.

critical mediating process for partnered interac-
tion, regardless of the modality of the interaction.
The association of this area with mentalizing was
demonstrated by the overlap of its coordinates
with rTPJ clusters found in meta-analyses of
spectator-based mentalizing separate from part-
nered interaction (Table 3). Next, the CA looked
beyond the ALE analysis to reveal the importance
of other relevant brain areas that mediate both
mentalizing (most notably the ITPJ and PCu) and
motor planning (the PMC, IFG, and cerebellum),
but whose overlap at the voxel level was too low
to generate ALE clusters. The overall results
suggest that partnering results from a combina-
tion of mentalizing and motoric processes related
to joint action.

Mentalizing and Partnering

The observation of a significant ALE cluster in
this meta-analysis was perhaps surprising given
the diversity of the experimental tasks that were
included. The finding that therTPJ is a key area for
partnered interaction across both motoric and
sociocognitive forms of partnering is consistent
with the results of Yuan et al. (2018), who showed
that the TPJ and PCC were active during story-
telling tasks regardless of whether the story was
told using speech, pantomime, or drawing for
production. While cognitive partnering tasks

often have a clear mentalizing component (if
only implicitly), the role of mentalizing in motoric
partnering is less intuitive. Research has shown
that participants in motoric synchrony experi-
ments show an increase in mental state attribution
to their partners, but not to other nonrelevant
individuals (Baimel et al., 2015, 2018), support-
ing an association between physical partnering
and mentalizing. Enrici et al. (2019) suggested that
the mentalizing system is an intention-processing
network that functions as a core component of
both gestural and verbal human communication.
Mentalizing is an underappreciated component
of physical partnering, where almost all of the
attention in research studies is directed toward
sensorimotor adaptivity, rather than psychologi-
cal processes associated with inferring a partner’s
intentions and emotions.

The domain-generality of the TPJ in standard
theory-of-mind studies is demonstrated by its
responsiveness to both self and other processing
and to both implicit and explicit mentalizing
(Brown, 2020). The posterior rTPJ subpeak
from the ALE analysis strongly overlapped
with rTPJ peaks found in seven previous meta-
analyses of standard theory-of-mind processing
from a spectator perspective (Table 3), thereby
strengthening the case for the engagement of
implicit mentalizing during partnered interaction.
Taken together, these results suggest that
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partnered interaction may recruit the r'TPJ regard-
less of the task requirements and effector system
employed.

Implications for a “Second-Person
Neuroscience”

The ALE results suggest that the mentalizing
system active during second-person social inter-
action might be the same as that engaged during
third-person social observation. While mentaliz-
ing is undoubtedly a key component of partnered
interaction, it has no necessary association with
partnering because it readily occurs during
spectator-based observation in the absence of
interaction. Therefore, unless there is compelling
evidence that partner mentalizing functions in a
different manner than spectator mentalizing at the
level of perspective taking, it is best to consider
the two as being the same third-person process. It
is for this reason that we contend that the defining
feature of partnered interaction is not mentaliz-
ing, but instead real-time behavioral adaptivity
between the partners, as studied in a large litera-
ture devoted to joint action and joint agency (e.g.,
Accetto et al., 2018; Fairhurst et al., 2013; Izawa
et al., 2008; Keller et al., 2014; Pacherie, 2012).
This interpretation is based on the similarity of the
posterior r'TPJ subpeak and the peaks of the meta-
analyses of standard theory-of-mind processing
from a spectator perspective.

However, the anterior rTPJ subpeak did not
appear to align closely with standard spectator
mentalizing peaks and may be a possible candidate
for an indication of a partner-specific mentalizing
process. Abe et al. (2019) reported activation in both
the posterior and anterior regions of the rTPJ, but
only the anterior region was correlated with the level
of cooperation in a joint action task. Chauvigné et al.
(2018) and Redcay et al. (2010) also reported
anterior rTPJ peaks, both of which involved part-
nered joint action between participants. We tenta-
tively propose that the posterior region of the rTPJ
may be associated with a more reactive aspect of
mentalizing during partnering, while the anterior
region may represent a more directive, action-
oriented aspect of partner mentalizing.

Behavioral Adaptivity and Partnering

The present meta-analysis suggests that men-
talizing may be a domain-general process that
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operates across various formats of partnering. If
this interpretation is correct, then the mentalizing
system needs to interface with modal systems that
mediate partnering in a domain-specific fashion,
for example, connecting with speech and lan-
guage systems for conversational discourse, but
with locomotor and limb systems for dancing.
How the mentalizing system interacts with the
motor system is not well understood, possibly
because the historical focus of mentalizing
studies has been on spectator-based tasks that
are far removed from motor actions and mutual
adaptivity.

The CA can shed light on possible anatomical
connections between the mentalizing and motor
systems that may mediate the diversity of partner-
ing formats. In particular, the PMC, IFG, and
cerebellum were reported in 44% of the included
studies. It is most likely that these areas did not
show up as ALE clusters due to the variation in the
task demands across experiments. Despite this
limitation, there are well-established anatomical
pathways projecting from the inferior parietal
lobule—where the TPJ is located in the angular
gyrus—to the frontal lobe. Most notable among
these are the system of tracts that constitute to the
superior longitudinal fasciculus (SLF). The
branch known as SLF II projects from the parietal
lobe to the PMC in the middle frontal gyrus,
whereas the branch known as SLF III projects
from the parietal lobe to the IFG (Barbeau et al.,
2020). SLF II and III may represent a route by
which information derived from mentalizing in
the inferior parietal lobule can connect with
domain-specific motor-planning systems in the
PMC and IFG that mediate behavioral adaptivity
during partnered interaction.

Mars et al.’s (2012) connectivity analysis in-
dicates that the anterior region of the rTPJ is more
connected to the IFG, whereas the posterior
region of the rTPJ is not. The posterior region
is instead more connected to the established
mentalizing system and default mode network.
It may be that the anterior subpeak from the ALE
analysis indicates a mediating connection
between the mentalizing and domain-specific
motor systems required for partnering, while
the posterior subpeak is indicative of a more
reactive mode of mentalizing during partnering.
This interpretation would corroborate our earlier
tentative suggestion that the anterior and poste-
rior regions of the rTPJ might be differentiated
with regard to mentalizing function.
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Overall, partnered interaction requires at least
two key components: (a) implicit mentalizing and
(b) mutual adaptivity, both of which serve a
predictive role during partnered interactions.
Based on the ALE results, it is proposed that
mentalizing is a domain-general process, while
mutual adaptivity is a domain-specific process
linked to particular effector systems. A key ques-
tion about partnering is how these two types of
processes interact at the neural level. While the
present meta-analysis is not able to address this
issue directly, it is telling that the sets of brain
areas that appeared across both the meta-analysis
and the CA were some combination of mentaliz-
ing areas (TPJ, PCC, mPFC) and motor-planning
areas (IFG, PMC, cerebellum).

Limitations

An important limitation of the present study
relates to the low number of physical partnering
experiments that were included. This was driven
by the small number of studies that have been
carried out in this area, most likely due to the
technical challenges associated with physical
interaction in the magnetic resonance imaging
(MRI) scanner. Some studies of physical interac-
tion have used single participants in the scanner
(e.g., Chauvigné et al., 2018), whereas others
have used hyperscanning to simultaneously
scan two people in different scanners (e.g., Abe
et al., 2019), but recent meta-analyses of the
hyperscanning literature indicate that there are
very few experiments of motoric adaptivity using
two-person interactions (Misaki et al., 2021; Nam
et al., 2020). It will be important to see if future
studies of physical interaction corroborate the
role of the rTPJ in partnering.

The incorporation of a diverse selection of
experimental tasks was both a strength and weak-
ness of the meta-analysis. The approach allowed
us to highlight the cross-modal nature of the
results, albeit for a single ALE cluster, but pro-
hibited us from identifying specific effects asso-
ciated with different types of partnering, allowing
for only a general interpretation of the results. In
this regard, the CA served as an important
(though nonstatistical) adjunct to the ALE analy-
sis, permitting a more nuanced analysis of the
anatomical regions associated with partnering
because this analysis was not subject to the
voxel-level statistical constraints of the ALE
method.

Finally, although cognitive and physical forms
of partnering were dichotomized in this analysis,
many forms of partnered interaction involve a
combination of the two. For instance, even two
people moving a piece of furniture together are
likely to verbalize about their actions while
engaging in them. Hence, it will be important
in future studies of social interaction to study
tasks that combine cognitive and physical forms
of partnering, compared to each on its own.

Conclusions

An ALE meta-analysis of 18 neuroimaging
experiments of both joint action and sociocogni-
tive interactions was conducted to shed light on
the neural basis of partnered interaction cross-
modally using a statistical quantitative method-
ology for the first time. A highly concordant area
of activation across the set of experiments was
identified in the rTPJ despite the diversity of tasks
included in the analysis. Additional mentalizing
and motor-planning areas were evident across the
contributing studies, although they were not con-
cordant enough at the voxel level to appear as
clusters in the ALE analysis. These results high-
light the critical interaction between mentalizing
and behavioral adaptivity during partnered inter-
actions, regardless of task modality. The two
subpeaks of the concordant rTPJ cluster also
suggest the possibility that the anterior and pos-
terior regions of the rTPJ may correspond to
differences in mentalizing function (e.g., direc-
tive and reactive mentalizing, respectively, dur-
ing partnering). Future studies of partnering,
whether of joint action or social cognition,
need to account for the combined role of menta-
lizing and mutual adaptivity during real-time
social interactions.
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