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Chapter 1: General introduction

Research question
We interact with the external world through our movements basically in two ways – to
change the physical environment and to change others’ mental state. Gaining

knowledge about the biomechanical and neurophysiological mechanisms supporting
the former circumstance hardly tells us more about the latter (Tomasello et al., 2005;

Toni et al., 2008). Imagine that, sitting in a bar, Lucia pointed to a glass of Sauvignon on

the table. Without saying anything, her friend, Peter, immediately recognized that she
was asking for the wine for herself, instead of offering him a drink. Although the

pointing movement could have potentially different meanings, how did Peter manage
to disambiguate the possibilities? How could Lucia bet whether Peter would figure out

the meaning of the pointing movement or not? They made it, because they both know

that Lucia prefers white wine, but Peter usually takes cappuccino. This piece of
knowledge is in their “common ground” (Clark & Murphy, 1982) that provides a starting
pointing of their interaction in this case. As illustrated by the example, understanding

and generating a communicative movement goes beyond computing contraction force

of muscles and torque of joints (Todorov & Jordan, 2002; Wolpert & Landy, 2012), it
requires additional higher-order cognitive processes for considering knowledge, goals

and intentions that are shared by interlocutors (Baker et al., 2009; Carruthers & Smith,
1996; Enfield, 2006). In turn, bearing common ground in mind, interlocutors are able

to produce meaningful and interpretable communicative signals (to and for each other)
unfolding in time and space through the interface of their bodies (Friston & Frith, 2015;
Grice, 1975).

Humans are natively endowed with a propensity to attend to body movements (Bidet-

Ildei et al., 2014; Simion et al., 2008). This propensity offers means of understanding

others and of being understood. Body movements play an important role in
communication not only during prelinguistic development (Tomasello et al., 2007), but
after as well, especially, when linguistic means are not available (e.g. when we travel to

a foreign land without knowing the local language, or when we are on a crowded
carnival party) (Levinson, 2006). Sometimes, we just prefer a body movement for its
3
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efficiency (Pezzulo et al., 2019), for instance, we can request a refill from the waiter
simply by pointing to an empty glass, without additional illustration. Movement along

with other means, such as language, are instances of utilizing general human social

intelligence that eventually leads to complexity of human society, culture, and

civilization (Frith & Frith, 2010; Heyes et al., 2020; Tomasello et al., 2005). Thus,
studying communicative movements is fundamental and will help us to better

understand mechanisms of human sociality (Byrne & Bates, 2007; Enfield & Levinson,
2006; Goody, 1995) and the cognition-sensorimotor interaction supporting it (Baker et

al., 2009; Friston & Frith, 2015; Pezzulo et al., 2019; Wolpert et al., 2003). Furthermore,
it will open the way to test whether and how these mechanisms also contribute to
multimodal communication (Holler & Levinson, 2019; Levinson, 2006).

The main goal of the thesis is to explore how humans perceive and produce
communicative action. To understand these two closely linked processes, I combined
several

behavioral

and

neuroimaging

methods,

including

psychophysics,

pharmacological intervention, Magnetoencephalography (MEG), and human motion
analysis. I investigated how oxytocin regulates temporal processing of communicative

signals (Chapter 2&3); and how one’s own and other’s conceptual knowledge affects

how we generate temporally and spatially distinguishable movements for
communication (Chapter 3&4).

In the following sections, I will first walk through some concepts defining the focus of

the thesis, as well as existing accounts and empirical evidence for how we read out

intention from observed body movements and externalize our own intention to others.

I will then introduce the neuropeptide used in this thesis – oxytocin, highlighting
current theoretical frameworks on its sociocognitive functions, and methodological

concerns of intranasal spray administration. Finally, I will present the outline of this
thesis.

Communicative intention and action
Intentional communication and methodological issues
4
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As we have seen in the very beginning of this introductory chapter, acting upon the

physical world and upon other’s mind differ in the underlying intention of the
movement. This consideration is the starting point of the thesis. Thus, I will first spend
several paragraphs on some fundamental concepts of what the thesis focuses on –

communicative intention and action. These discussions lead to some methodological

considerations and to the approaches used in this thesis for studying human
communication.

Pezzulo et al. (2019) coined the term “sensorimotor communication” referring to a

particular type of communication via movement that must contain “pragmatic” (e.g.
moving an object to a target location) and “communicative” (e.g. informing a partner

about the target location) components simultaneously, and deviate from conventional
movements (such as the ballistic moving trajectory of reaching). The authors teased

apart sensorimotor communication from these “learned or adapted” forms of

communication, including language, gesture, deictic and facial expression, as they
argued that the latter ones lack pragmatic action. This argument is debated

(Dockendorff et al., 2019), but it helps to emphasize the significance of the sensorimotor

channel in communication, which has been relatively underestimated in previous
studies (Levinson, 2006; Sebanz et al., 2006). At the same time, I believe that discussing

commonalities across the various forms of communication, besides their

discrimination, would help to better understand some overarching intentional
foundations supporting human communicative behavior (Tomasello, 2008).

For instance, based on long-standing discussions regarding voluntary movement in

philosophy, cognitive science and cognitive neuroscience (Haggard et al., 1993; Mele,

1992; Pacherie, 2000; Pulvermüller, 2013; Searle, 1983), Jacob and Jeannerod (2005)
presented their intuitive taxonomy of intention according to its contents, i.e. “motor

intention”, “social intention” and “communicative intention”. Motor intention is the
intention to execute a specific action. Social intention refers to the intention to act upon
an animate being, aiming at changing his/her behavior. Under their framework, a social

intention is not necessarily communicative. It becomes a communicative one only when

both the sender and the receiver realize it reciprocally. Such “mutual understanding” is
5
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a high standard of communication, as it is not always achievable and misalignment

between interlocutors occurs in practice (Cook, 2016; De Jaegher et al., 2010; Wadge et

al., 2019), but this framework captures the cooperative nature of human
communication.

Interlocutors may not understand each other perfectly, but they have this natural

tendency to do so. Comparative psychologists and anthropologists have offered us a
more vivid picture of this notion, by comparing social behaviors of humans in an early
developmental stage and those of our nearest primate relatives (Butterworth, 2003;

Levinson, 2006; Tomasello, 2008; Tomasello & Carpenter, 2007). Take the

comprehension of pointing gesture in great apes as an example. Following an
experimenter’s pointing gesture, great apes can direct their attention towards a bucket
that the experimenter pointed to; however, they do not understand that the
experimenter’s intention is to “help” them to find the food in the bucket (Hare et al.,

2001; Tomasello et al., 1998). In contrast, typically developing 12-month-old human

infants not only draw their attention onto the pointed container, but also follow up with
searching behavior so as to find their desired toy in that container, indicating they

understand that the experimenter is referring to the toy which is out of their sight by
pointing to the container (Behne et al., 2005). Even though captive apes can learn the
association between the pointing gesture and the hidden food, it’s been argued that they

just respond to the pointing gesture in a similar way as to non-communicative, non-

social ones, such as a light shed on the bucket containing the food, without truly

understanding the communicative intention in the pointing gesture. One piece of

evidence in favor of this argument is that when the experimenter adopt other kinds of
behavior as communicative signs indicating the food location (e.g. lifting another bucket
with the identical appearance as the one containing the food), the great apes cannot

respond properly. In contrast, 2-3 year-old human toddlers quickly adapt to these novel

signs (Itakura et al., 1999; Tomasello et al., 1997). Human observers can spontaneously
disambiguate the underlying meaning in communicative movements, even if they have

never seen or used that kind of signal before.

6
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The uniqueness of human communication can also be found on the other side of the

perception-production loop of communicative signals. Non-human primates do not

point for other conspecifics (Leavens, 2021; Povinelli et al., 2003; Tomasello, 2006).

Researchers proposed that the absence of declarative pointing in our nearest primate

relatives results from both motivational and cognitive reasons. Fundamentally, apes

don’t share joint attention with others, nor have a desire to do so (Tomasello, 2006).
Another reason is that they lack higher-order intentional states, i.e. they take

themselves and others as an “agent of action" but not an “agent of contemplation”

(Camaioni, 1993). When using pointing as a communicative gesture (as well as other
types of communicative sign), the human sender assumes that the receiver will be able

to read out the communicative intention in the gesture (de Ruiter et al., 2006; Enfield,

2006; Levinson, 2006). Namely, the sender believes that the receiver “must understand
that the … pointing behavior of the human (the sender) is done “for me”.” (Tomasello,

2006). Such an assumption, so-called shared intentionality, builds a foundation for

conceiving, externalizing, and interpreting a communicative stance in diverse forms of
observable behavior (Tomasello & Carpenter, 2007).

These divisions help us to understand the nature of human intentional communication
and are of critical importance in guiding laboratory work in addition to field
observation (Haviland, 2003), computational simulation (Goodman & Frank, 2016;

Hawkins et al., 2021), and clinical report (Johnson & Myers, 2007) that have brought

significant insights into how we share private ideas with others. To investigate the
mechanistic implementation of intentional communication, it is important to ensure
empirical tractability of interactions between interlocutors and to quantify their
behavior under controlled and reproducible conditions. At the same time, it is

necessary to use experimental situations that preserve the core properties of

communication problems as indicated above (Lockwood et al., 2020; Redcay &
Schilbach, 2019; Wheatley et al., 2019), and allowing us to test whether and how these

properties are affected. These properties shall be shared across various types of
communicative actions, from pointing movements with simple trajectories (Chapter 4),

to dyadic movement sequences (Chapter 2), and to more abstract prosody-like action

sequences (Chapter 3). Specifically, in Chapter 2, I have studied perceptual processes of
7
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communicative intention in point-light animation that were recorded from naturalistic

dyadic interactions between two actors (Communicative Interaction Database, Manera

et al., 2010). Using a fine-grained psychophysics model, I have characterized

participants’ implicit representation of these stimuli. Furthermore, in Chapter 3 and 4,

I have investigated production of referential signals. In Chapter 3, I have used the Tacit
Communication Game, an experimental semiotic paradigm that allows participants to

freely deploy motion patterns (of a digital token on a game board) for real-time
communication (Blokpoel et al., 2012; de Ruiter et al., 2010; de Weerd et al., 2015;

Noordzij et al., 2009; Stolk, Verhagen, et al., 2013). In Chapter 4, I have used a referential

pointing paradigm without any mechanical constraints on the pointing movements,

such that the setup provides an ecologically valid testing ground for understanding the
integration of sociocognitive information with sensorimotor processing (Langavant et

al., 2011; Murillo Oosterwijk et al., 2017; Peeters et al., 2015; Winner et al., 2019). These

paradigms enable us to quantify how communicators address open-ended

communication problems with motoric signals.

Sociocognitive infrastructures for communication
Besides the innate cooperative tendency, as mentioned in the previous section,

interlocutors must develop a set of sociocognitive infrastructures that enable them to

understand and express the intended meaning (Garrod & Pickering, 2004). It is hard to
find a one-for-all solution to human communication problems, or more specifically, to

communicative movement. As Levinson put it: “human interaction lies in an
interdisciplinary no-man’s land” (Levinson, 2006). Here, I focus on literature from
several domains that are most closely related to the topics of the thesis, including action

observation, motor control, perspective taking and theory of mind, joint action,
experimental semiotics and pragmatics. Given the tremendous number of reports (even

just in one of these fields), I am not able to cover them all in the section; instead, I
consider several nonexclusive potential mechanisms that may support intentional
interpersonal coordination; and illustrate how researches from different fields jointly
point to the key question at hand. These mechanisms include i) Shared representation

of joint-goal and other’s task; ii) Shared sensorimotor experience and mutual prediction;
8
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iii) Mirroring and inferring movement intention; and iv) Contextualization and

personalization.

i) Shared representation of joint-goal and other’s task. One of the problems that co-actors

encounter during social interaction is that they often play asymmetric or

complementary roles to achieve a joint goal (Sebanz et al., 2006; Vesper & Sebanz,
2016). To study this type of problem, researchers typically adopt a paradigm in which
co-actors share a common goal while subject to different task demands. For example,
two agents need to reach a target location simultaneously, however, one of the agents

can reach the target directly, while the other agent has to overcome an obstacle situated

in the moving path. It has been shown that the former agent with the easier task demand
“waited” for her partner by increasing her own movement height, no matter if she saw

her partner’s action or not, indicating a co-representation of other's task for

interpersonal coordination (Schmitz et al., 2017). Nevertheless, such co-representation
does not seem to rely on the requirement of coordination and does not always facilitate
joint task performance, such as leading to faster responses or higher accuracy. One of

the most noticeable evidence for this notion is the “social Simon effect” (Sebanz et al.,

2003, 2005). In a standard individual Simon paradigm, a participant completes a twoalternative forced-choice task, in which two sensory cues are associated with the right

and left response buttons, respectively. In each trial, a cue is presented either on the

right or left side of the screen; and the participant presses the button corresponding to
the identity of the cue, regardless of the location of the cue. The incongruence between

the cue location and the button location induces interference in the participant’s
reaction, leading to a longer reaction time. In a joint setting, the Simon task is

distributed to two co-actors, thus, in theory, there is no conflict between cue and button
locations for each individual, as each actor controls only one button. However, the

incongruence effect still occurs, indicating that the actor represents her partner’s task
as her own, despite the fact that they are not required to coordinate their movements

at all. Therefore, there are still debates on whether the co-representation of other’s task

purposefully serves interpersonal coordination (Dolk et al., 2014; Ferraro et al., 2012;
Garrod & Pickering, 2004, 2009; Tsai et al., 2008; Welsh et al., 2007).
9
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ii) Shared sensorimotor experience and mutual prediction. Different from the case of two
persons who execute the same or similar actions in parallel without a joint goal (e.g.

walking side-by-side without the intention to be synchronized), when two agents are

asked to coordinate their movements, such as when moving in synchrony (Noy et al.,
2011), moving in turn (Vesper et al., 2013), or playing a music duet (Wolf et al., 2018),
they implicitly or explicitly consider the other’s motor capabilities and joint affordances

in order to plan their own most appropriate action (Sebanz & Knoblich, 2021; Vesper,

Abramova, et al., 2017). In a leader-follower paradigm (Coco et al., 2017; Sabu et al.,

2020; Vesper et al., 2011), co-players are usually assigned with the role of “leader” or

“follower”. The leader initiates a movement and the follower needs to synchronize her
movement to the leader’s. Although there is no explicit requirement for the leader, she
makes less variable movements for the benefit of the follower so that she can more

easily synchronize her movement. Moreover, the representation of other’s action could
further assist co-players mutual prediction and adaptation to each other's movement

(so-called “coordination smoother”; Vesper et al., 2010, 2017). Noy et al. (2011)

reported that co-players reached a better synchronization of their movements (sliding

an operator on a track) if the roles of leader and follower emerged spontaneously
during interaction, compared to the situation where the roles were assigned by the

experimenter. The mutual prediction of partner’s actions may also partially explain

why one achieves better joint performance, say synchronizing movements, when acting

with a human partner in comparison with acting with a highly predictable metronome
alone (Skewes et al., 2015). However, representing and predicting other's actions does

not necessarily involve assessing each other's mental state. Instead, it could be just a

byproduct of self-organized interaction dynamics (Richardson et al., 2015). That is,

each individuals in the joint setting could use the joint goal as the focal point by

themselves, such that they would optimally converge (Pezzulo, Donnarumma, et al.,

2013; Schelling, 1980; Török et al., 2019, 2021), without having the intention to
understand and change others’ mental states (Jacob & Jeannerod, 2005).

iii) Mirroring and inferring movement intention. Besides predicting each other's
movements per se, an important function of communication is to coordinate two minds
that requires interlocutors to bridge movement and intention (Jacob & Jeannerod,
2005). In the mid-nineties of the last century, researchers found a group of neurons in
10
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premotor cortex of macaque monkeys that fire both when the monkeys execute a

movement and when they observe the same movement executed by others (“mirror

neurons”, Gallese et al., 1996). The common coding of sensory and motor experiences

has been suggested as the mechanism linking action and intention ("motor resonance
hypothesis"; Gallese & Goldman, 1998; Rizzolatti & Sinigaglia, 2010). However, the
motor resonance hypothesis has been challenged, as directly mapping sensory and
motor experience, using associative learning mechanisms, may enable agents to predict

immediate motor consequences (Grafton & Hamilton, 2007; Heyes, 2010; Keysers &

Gazzola, 2014), but it is not sufficient to explain how two interactants understand and

coordinate higher-order intentions (Becchio et al., 2008, 2012; Catmur, 2015; De Lange
et al., 2008; Hasson & Frith, 2016; Kilner & Frith, 2008). Hierarchical organization has

been regarded as a general control principle for voluntary movements. In a typical
intention-action hierarchical structure, more abstract and distal intentions sit on top of
the hierarchy and are decomposed into sub-actions, and further down to specific

movements that subserve the higher-level sub-actions, though the content and the

amount of layers in the tree-like structure vary among different models (Grafton &

Hamilton, 2007; Hamilton & Grafton, 1993; Kilner et al., 2007; Ondobaka & Bekkering,

2012; Uithol et al., 2012). This traditional perspective initiated to analyze intentionaction transformation in a solo setting has been generalized to social interaction; and it
has been proposed that if the intentional layers are sufficiently deep in the hierarchy,

interlocutors can infer each other's intention by a simulation mechanism as well
(Friston & Frith, 2015; Wolpert et al., 2003). These approaches align with the
information transfer perspective on communication. Specifically, this type of theory

formulates communication as an information compression problem, assuming that

sender and receiver share broadcasted deterministic or probabilistic form-meaning (or

action-intention) map; consequently, the receiver can solve the communication
problem by simply taking an inverse of the signal sent by the sender (Shannon, 1948),

as if decoding Morse codes based on a predetermined codebook or responses to traffic
lights as defined by established social conventions. This way, the receiver can reduce
her uncertainty in decoding the signal, so as to predict future actions of the sender and

thus enhance interpersonal coordination (Friston & Frith, 2015; Wolpert et al., 2003).

However, human communication is way more complex than encoding-decoding based
11
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on a one-to-one form-meaning map, thus, additional cognitive mechanisms are needed

to accomplish the coordination between two minds (Clark, 2021; Clark & Brennan,
1991; Wilson & Sperber, 2012).

iv) Contextualization and personalization. We can use multiple ways to express our

intended meaning with linguistic or non-linguistic cues; and the same expression can

also refer to non-unique meanings depending on where, how and to whom we act or
say it. In other words, the utterances by its nature are full of ambiguity and do not
necessarily fall into a conceptual space that had been fixed by any predetermined

statistical distribution as assumed by a one-to-one form-meaning map (Grice, 1975;

Levinson, 2000, 2006). The central problem of intentional communication for

interlocutors in this regard is to collaboratively and continuously construct the many-

to-many form-meaning structure by anchoring their utterances to 1) the interacting

context (place, time, and purpose) and 2) the interlocutors themselves (their

characteristics and common ground etc.), so the utterances serve as a product of the
interaction and also as an evidence of how the interlocutors’ intended meaning was
understood by each party (Brennan et al., 2018; Clark, 2021; Clark & Brennan, 1991;
Holler & Wilkin, 2011a; Kendon, 2004; Stolk et al., 2016).

First, when using movements as a type of communicative signal, contextualization
makes the movement informative to the interlocutors (Amoruso & Finisguerra, 2019;
Becchio et al., 2010; Pezzulo et al., 2019). Researchers frequently use two approaches

to study contextual effects on action observation. One way is to present a viewer with

the same (ambiguous) movement within vs. without a context (Iacoboni et al., 2005),

another way is to present the viewer with movement-context combinations with a

congruent vs. an incongruent relationship in term of their conventional usage

(Amoruso & Urgesi, 2016), and then to see how the viewer's interpretation of the
movement and/or response to it would be tuned by the context. It has also been found
that the social nature of a context induces stronger neural activity in both the action

observation network and the mentalizing network (Becchio et al., 2012; Ciaramidaro et

al., 2014; Petrini et al., 2014). For instance, Liu (2016) presented participants with

communicatively ambiguous point-light animation coupled with either communicative

or non-communicative sound as a context. The communicative context induced
12
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stronger Blood Oxygenation Level Dependent (BOLD) responses in the right inferior
frontal gyrus (IFG); and the right lateralized functional connectivity between IFG and
the temporal-parietal junction (TPJ) increased when the participant was watching the

ambiguous animation while exposed to a communicative context as compared to a noncommunicative one. These effects were absent when participants heard the sound

context only. As the animations and sounds contained different types of movement (e.g.
the animation presented agent A pointing at something on the floor for agent B, and

agent B picking it up. The sound presented agent A knocking the door and agent B
opening it), the contextualization more likely happened on an intentional level in this

case, which relies on cross-talk between the action observation network and the

mentalizing network. In a recent study, Trujillo et al. (2020) specifically examined how
communicative intention modulates the effective connectivity between the two

networks. Participants lying in an fMRI scanner watched stick-light animations that

contained an agent operating on a tool by herself (non-communicative condition) or

imagine that she was demonstrating the tool usage for someone else (communicative
condition).

Dynamic

Causal

Modeling

(DCM)

analysis

showed

that

the

communicativeness of the movement modulated the top-down, rather than the bottom-

up, pathway from medial prefrontal cortex (mPFC) to premotor cortex. These findings

suggest that the inferred communicative intention may regulate processing of
kinematic information in a predictive manner (Amoruso & Finisguerra, 2019; Friston &

Frith, 2015; Kilner et al., 2007; Wolpert et al., 2003). The communication-induced

prediction may offer us more cognitive benefits besides action prediction, such as
sensory organization and memory coding (Antony et al., 2021; Kurby & Zacks, 2008;

Zacks et al., 2011). I will test the perceptual consequences of communicative intention
in Chapter 2.

Second, perception and interpretation of the context also vary within and across

interlocutors due to their private backgrounds; hence, to communicate successfully,

interlocutors need to personalize the communicative signal based on what they know
about their interacting partner’s visuospatial perspective and knowledge structures

etc., so-called recipient design (Clark, 1996; Clark & Murphy, 1982; Fussell & Krauss,
1989; Galati & Brennan, 2010; Sacks & Schegloff, 2007). It has been widely documented
13
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that observers are able to spontaneously take another person’s perspective, even if that
person was not intentionally communicating at all (Freundlieb et al., 2016, 2017;

Frischen et al., 2009). One of the remaining questions is how perspective-taking may
interact with certain communicative channels; this has primarily been tested for the

linguistic channel, up till now (Brown-Schmidt & Hanna, 2011; Brown-Schmidt &

Heller, 2018; Dale et al., 2018; Galati et al., 2013, 2020; Keysar et al., 1998; Pickering &
Garrod, 2004; Wang, 2004). There are a few empirical studies suggesting that

communicative intent and the addressee’s perspective are intertwined on the

sensorimotor interface. Namely, communicators prolonged and adjusted their moving

trajectories in a way that was aligned with addressee’s line-of-sight, when they were
indicating the location of a target object for the addressee by pointing (i.e. referential

pointing) as compared to pointing for themselves or instrumentally (Langavant et al.,
2011; Murillo Oosterwijk et al., 2017; Winner et al., 2019). Some earlier works
demonstrated behavioral dissociations while observers engaged in different levels of
perspective-taking (i.e. judging what or how another person see a visual scene from a

viewpoint that differs from the observer’s), which implied different cognitive
operations and sensorimotor demands for completing those tasks (Amorim, 2003;

Creem-Regehr et al., 2013; Kessler & Rutherford, 2010; Michelon & Zacks, 2006;

Presson & Montello, 1994; Rieser, 1989; Wang, 2005). When judging how a visual scene

appears to others, one transforms her own egocentric frame of reference onto the
other’s allocentric frame of reference, which then engenders a conflict between one’s

real and imagined coordinate systems that requires sensorimotor recalibration for

further movement responses. But such mental transformation and sensorimotor
recalibration may not be necessary when one identifies what can be seen by others.

Instead, the observer can use a more economical cognitive strategy to complete the
visibility task by tracking the line-of-sight between the target person and object from

an egocentric perspective. Chapter 4 examined how visuospatial perspective-taking
influences sensorimotor processes when we use motoric signals for communication.

Besides the visuospatial perspective, interlocutors bring along their background
knowledge and register their real-time communication experiences in the current

interactive scenario; and it has been found that interlocutors tailored their utterances

according to this information (Clark, 1996; Clark & Murphy, 1982; Fussell & Krauss,
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1989; Galati & Brennan, 2010; Sacks & Schegloff, 2007). Psycholinguists categorize
these information into two sources (Barr, 2004; Brennan et al., 2010; Hawkins et al.,

2021; Kuhlen et al., 2012). One source is “global information”, i.e. relatively stable prior
expectations about an interacting partner, built upon one’s personal experience,
knowledge, and stereotypes about the partner characteristics and the community they

come from. For instance, interlocutors tend to use more informative signals, such as
longer and more detailed sentences, or more frequent and exaggerated gestures, when
communicating with a child than with an adult, or with less-knowledgeable than more-

knowledgeable addressees (Campisi & Özyürek, 2013; Craycraft & Brown‐Schmidt,

2018; Galati & Brennan, 2010; Newman-Norlund et al., 2009). Another source is “local

information”. It emerges during communication and is incrementally constructed and

highly adaptable to new experiences during the interaction, such as immediate

feedback from the addressee (Beattie & Aboudan, 1994; Clark & Krych, 2004; de Ruiter
et al., 2010). A well-characterized instance is partner-specific “lexical entrainment”

occurring in referential communication games, i.e. members of an interacting

pairs/groups converge to use the same shortened lexical item as an ad hoc label for a
repeated referent, which provides an evidence of interlocutors’ acknowledgement of

the common ground they progressively established during their communication

(Brennan et al., 2018; Brennan & Clark, 1996; Garrod & Anderson, 1987; Hawkins et al.,

2020). These local cues have an impact on non-verbal communicative channels as well.

Holler and Wilkin (2011b) systematically compared communicator’s co-speech

gestures before and after addressee’s feedback in a face-to-face dyadic interaction. The

results showed that the feedback led to changes of the gestures both quantitatively and
qualitatively. The communicator gestured less if the addressee signaled a correct

understanding; but if the addressee signaled a difficulty in understanding, the
communicator gestured more precisely and exaggeratedly. Chapter 3 investigated the

dynamics of such partner-specific adjustment processes and how the social

neuropeptide, oxytocin, modulates integration of global and local information.

Oxytocin: method and theory
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Oxytocin is a nonapeptide synthesized in paraventricular and supra optical nuclei of

hypothalamus, then released along hypothalamic axonal projections to cortical and

subcortical regions (such as the prefrontal cortex and the limbic system), through

dendrites into extracellular space diffusing over the brain, and through posterior

pituitary into peripheral circulation(Mitre et al., 2018). There is a long history of

research focusing on peripheral hormonal function of this molecule (Dale, 1906). Since
the seminal finding of oxytocin modulating human economic decision (Kosfeld et al.,

2005), an increasing number of studies have emerged associating its central function

with a wide range of social cognition and behavior, such as social perception and
memory (Guastella et al., 2008), empathy (Abu-Akel et al., 2015), altruism (Nave et al.,

2015) and in-group/out-group judgement (De Dreu, 2012). Chapters 2 and 3 examined
oxytocin’s roles in perceiving communicative signals on a faster trial-by-trial basis and
producing communicative signals in a slower adaptive manner. In the present section,
I will first introduce several theoretical frameworks that intend to reconcile divergent

empirical results with respect to different cognitive stages. I will discuss issues with the
intranasal spray of oxytocin that we need to bear in mind when interpreting the results
of studies using such an approach.
Current theoretical frameworks

Oxytocin is often presented in the mass media with catchy hashtags, such as ‘love

hormone’ or ‘social molecule’, highlighting its prosocial aspect; however, divergent and
valence-selective behavioral consequences of this neurochemical have been well-

documented in scientific reports for a long time (Bartz et al., 2011; Evans et al., 2014).
Building on these empirical observations, a few non-mutually exclusive theoretical

hypotheses have attempted to reconcile oxytocin’s manifold effects in social cognition
and behavior. Here, according to cognitive processes they focus on, I categorize the

major hypotheses into four kinds of framework, i) the Evolutionary Framework, ii) the

Social Saliency Framework, iii) the Affective and Motivational Dichotomy Framework,

and iv) the Multistage Framework.

i) The Evolutionary Framework is an array of conceptual hypotheses that does not
specifically focus on one or more sociocognitive processes, but rather on why oxytocin
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evolved and its adaptive functionality allowing species to succeed during natural
selection (Carter, 2014; Carter et al., 2020; Ebitz & Platt, 2014; Feldman et al., 2016;

Grebe & Gangestad, 2019; Kavaliers & Choleris, 2011; Quintana & Guastella, 2020). The
evolutionary framework originates from rodent and non-human primate models

investigating survival-related behaviors and anti-inflammatory effects of oxytocin

(Carter, 2014; Carter et al., 2020; Kavaliers & Choleris, 2011). Recent developments of

this type of framework (e.g. the allostatic hypothesis) focuses on pro-active

adjustments of organisms. In contrast to passively adapting to the environment,
organisms foresee changes in the environment and make appropriate adjustments

before the changes occur; and the organism also adjust physiological set-points to
better suit environmental conditions (Quintana & Guastella, 2020). This theoretical
development highlights that oxytocin is of vital importance for phylogenetic and

ontogenetic development when coping with complex and dynamic social environments
by boosting cognitive flexibility and behavioral plasticity (Blodgett, 1929; Chang et al.,
2012; Clayton et al., 2003; Deák, 2003; Sala et al., 2011; Swain et al., 2014).

ii) The Social Saliency Framework emphasizes an overarching role of oxytocin in

attentional (re)allocation towards contextual social cues, regardless of its valence; the
enhanced sensing of contextual cues which can thereby modulate one’s behavior. For

instance, oxytocin promotes prosocial behaviors in supportive and cooperative

contexts and sharpens asocial or even antisocial behaviors in threatening and
competitive contexts (Domes et al., 2013; Grinevich & Stoop, 2018; Lischke et al., 2012;

Petersson et al., 1998; Shamay-Tsoory & Abu-Akel, 2016; Tollenaar et al., 2013; Yang et

al., 2011; Yao et al., 2017).

iii) The Affective and Motivational Dichotomy Framework concentrates on the regulative

function of oxytocin in affective and motivational processes in response to categorical

social stimuli or contexts in a value-based manner (Bartz, 2016; Bartz et al., 2011; De

Dreu, 2012; De Dreu et al., 2020; Ma et al., 2016; Nave et al., 2015; Simpson et al., 2014).

For instance, oxytocin induces dichotic social judgement and affiliative behavior
towards in-group and out-group members (De Dreu, 2012; De Dreu et al., 2011, 2020;

van Ijzendoorn & Bakermans-Kranenburg, 2012); and oxytocin can both attenuate and
17
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aggravate stress depending on the valence of the current context (Grillon et al., 2013;

Heinrichs et al., 2003; Olff et al., 2013; Seltzer et al., 2014). The customized label, “the

affective and motivational dichotomy framework”, refers to a cluster of models, as they
converge on overlapping computational processes that primarily associate with the

neural circuits supporting emotional regulation and reward-based learning, e.g. the

mesocorticolimbic dopaminergic pathway, amygdala and its connection with prefrontal
cortex (Abi-Dargham, 2012; Charlet & Grinevich, 2017; Kerr & Tindale, 2004; Smeltzer

et al., 2006; Striepens et al., 2014; Tombeau Cost et al., 2017; van Zuiden et al., 2017;
Xiao et al., 2017; Yao et al., 2017).

iv) The Multistage Framework constructs an iterative reaction loop containing multiple

interrelated stages, i.e. sensory input, sensory perception, valuation, decision
formulation, and behavioral output; and proposes that oxytocin likely acts upon any of
the stages concurrently (Gangopadhyay et al., 2021; Pehlivanoglu et al., 2020; Piva &

Chang, 2018). It also argues that the social saliency framework better accounts for the
faster and earlier attention and perception processes (Grinevich & Stoop, 2018; Marlin

et al., 2015; Oettl et al., 2016); and that the affective and motivational dichotomy

framework mostly describes the slower and later affective valuation and decision
formation processes (Chang, 2013; Chang et al., 2012; Chang & Platt, 2014).

Figure 1 summarizes an integrated scheme of the aforementioned theories on the

sociocognitive function of oxytocin. In the scheme, allostasis provides an evolutionary

drive to actively adapt to changes in the environment (especially in the complex human
social environment). To this end, the oxytocinergic system modulates multiple
interconnected concurrent sociocognitive processes.
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Figure 1. Integrated theoretical scheme of the sociocoginitive function of oxytocin.

Intranasal spray administration
As a noninvasive means of delivering oxytocin to the central nervous system, intranasal
spray administration captures clinicians’ and researchers’ attention for its promise in

psychiatric therapeutic value, and has been widely used in studying social cognition and
behavior. However, the effectiveness of this approach has been questioned, as it

remains elusive how exactly the nasally administrated substances are transferred from
nasal cavity to the brain in humans (Evans et al., 2014; Leng & Ludwig, 2016).

Nevertheless, the field has already greatly benefited from animal models and some
critical methodological validation research on human subjects has also emerged in

recent years, in terms of i) the nose-to-brain anatomical pathways, ii) oxytocin receptor

distribution in human brain, and iii) psychopharmacological resting-state neural
imaging.

i) Nose-to-brain anatomical pathways. Nasally administrated substances can enter 1)

the central nervous system and 2) the peripheral systemic circulation. First, three

potential pathways allow direct access to the central nervous system. When the

exogenous oxytocin reaches the olfactory epithelium, the olfactory sensory neurons can
transport the molecules to the olfactory bulb (Baker & Spencer, 1986; Broadwell &
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Balin, 1985). The olfactory bulb contains a considerable amount of oxytocin receptors

and directly sends output to the limbic system (including amygdala and hypothalamus)
and prefrontal cortex (Boccia et al., 2013; Kang et al., 2011; Meddle et al., 2000; Sosulski
et al., 2011; Yu et al., 1996). This olfactory nerve pathway (Figure 2) seems the most

efficient nose-to-brain route with respect to its anatomy and speed of transportation

(Quintana et al., 2015), but there are large individual differences and it is likely that only

a very limited amount of sprayed oxytocin travels through this pathway (Scheibe et al.,

2008). Another nose-to-brain route relies on the trigeminal nerve on the respiratory

and olfactory epithelium and passes oxytocin to the brain stem (Danielyan et al., 2011;
Hashizume et al., 2008; Johnson et al., 2010). Human studies showed that intranasally

administrated oxytocin exerts a significant influence on the heart rate, which was
suggested to be associated with the trigeminal nerve pathway and its direct link with

the central amygdala and paraventricular nuclei in the hypothalamus (Figure 2)

(Viviani et al., 2011). The two pathways are closely intertwined anatomically due to the
projections among the hypothalamic supraoptic nucleus, brain stem and olfactory bulb

(Meddle et al., 2000). The third potential nose-to-brain route takes up oxytocin by the

flux along perivascular spaces and diffuses over the central nervous system (Guastella

et al., 2013). Second, nasally administrated substrates are transported to the peripheral

circulation via two other potential pathways. One of them is via the oral mucosa into

the gastroenteral and respiratory systems, but this pathway is unlikely to have any

social function (Quintana et al., 2015). Another peripheral pathway passes on oxytocin
through the epithelium into blood vessels under the basement membrane (Iliff et al.,

2012).
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Figure 2. Olfactory and trigeminal nose-to-brain pathways of oxytocin intranasal administration.

ii) Oxytocin receptor distribution in human brain. Mapping oxytocin receptors in the

central nervous system helps us better understand mechanisms of intranasal
administration and the potential functional relevance of oxytocin. Earlier works either
used invasive techniques, tracing the binding sites of exogenous oxytocin in mammals,

while there is a significant cross-species discrepancy from humans (Althammer et al.,

2018; Gangopadhyay et al., 2021; Rokicki et al., 2021; Vaidyanathan & Hammock,
2017); or characterized receptor distribution according to postmortem examination in

limited human brain regions (Boccia et al., 2013; Loup et al., 1991). In a series of recent

studies, researchers investigated mRNA expression level of the three types of oxytocin-

related genes, OXTR (oxytocin receptor), CD38 (involving in oxytocin secretion), and
OXT (involving oxytocin synthesis), across the entire human brain on a voxel-by-voxel

basis (Quintana, Rokicki, et al., 2019; Rokicki et al., 2021). They found that the OXTR
and CD38 pathways largely overlapped in broad brain regions, especially in olfactory
and subcortical regions, including the amygdala and hippocampus. OXT did not show
such whole-brain expression pattern but was only found in oxytocin producing cells

within hypothalamic regions. The high expression of OXTR in the olfactory system is

consistent with observations in rodents (Lévy et al., 1995), in favor of the nose-to-brain

pathways. Ontogenetically, OXTR shows increased expression in subcortical regions
(thalamus) in early childhood, but such expression acceleration emerges only several

years later in medial prefrontal cortex (Rokicki et al., 2021). There is a clear

evolutionary continuum of oxytocin signaling pathways, suggesting that oxytocin
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possesses more domain-general functions in regulating metabolism, and it includes

extensive interactions with other neurotransmitter systems, such as the dopaminergic,

muscarinic acetylcholine, and opioid systems (Dal Monte et al., 2017; Love, 2014;

Quintana et al., 2021; Quintana, Rokicki, et al., 2019). Uniquely, in the human brain,

OXTR shows a great spatiotemporal co-expression with dopamine D2 receptor genes

throughout the lifespan, which has been proposed to be of vital importance for humans

learning in an enriched social environment as compared to other animals (Haber &

Knutson, 2010; Rokicki et al., 2021). The growing knowledge on the hardware of
oxytocin signaling pathways indicates the genetic foundation of the effectiveness of the
nose-to-brain routes and promotes the development of computational framework of

oxytocin’s role in social cognition and behavior of humans (see the evolutionary
framework).

iii) Psychopharmacological resting-state neural imaging. Resting-state neural imaging

following intranasal oxytocin administration allows us to track task-independent

pharmacological consequences in the brain, and provides us with more insights on 1)
the nose-to-brain pathways and 2) observations under a task-independent context.

First, some researchers doubt whether intranasal administration of oxytocin relies on
the nose-to-brain pathways, if any, to influence sociocognitive processes occurring in

the central nervous system, because even though the peripheral oxytocin can hardly

travel across the blood-brain-barrier, the peripheral level of oxytocin might influence

synthesis and central release of endogenous oxytocin through afferent feedback

(Conrad et al., 1993; Evans et al., 2014; Leng & Ludwig, 2016). However, recent human

studies using arterial spin labelling magnetic resonance imaging indicate that
peripherally administrated oxytocin is not sufficient for explaining effects induced by

intranasal administration of oxytocin. This observation supports the possibility that the
effects of intranasal administrated oxytocin may be mediated by direct nose-to-brain

routes. Specifically, Martins et al. (2020) reported that, compared to a placebo baseline,

only intranasal administration of oxytocin increased regional cerebral blood flow
(rCBF) in broad brain regions, including frontal, temporal and parietal cortices
(consistent with Paloyelis et al., 2016), and that both intranasal and intravenous
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administrated oxytocin induced relatively late reduction of rCBF in anterior cingulate
and superior frontal gyrus (about 1.5 hours after the administration). Intravenous

administration as a control condition has been used in non-human animal models and

offered similar observations as well. Rodent studies showed not only a sustained

cerebral blood volume increase in the forebrain and hippocampus, but also a
broadband-like shift in local-field-potential in the latter region, following intranasal

rather than intravenous administration of oxytocin (Galbusera et al., 2017). Lee et al.

(2018) used radioactive labelling to systematically examine the central and peripheral

distribution of exogenous oxytocin and its relationship with (unlabelled) endogenous

oxytocin in rhesus macaques. They showed that labelled peripherally administrated

oxytocin was disassociated with central concentration of endogenous oxytocin, which

does not support the peripheral afferent feedback proposal mentioned above (but very

high doses of peripheral oxytocin may travel through the blood-brain-barrier). In a

follow-up study, they found that intranasal but not intravenous oxytocin traveled to
orbitofrontal cortex, striatum, brainstem, and thalamus, aligned with the olfactory and
trigeminal nose-to-brain pathways (Lee et al., 2020).

Second, examining large-scale intrinsic functional networks and their dynamics driven

by intranasal administrated oxytocin helps us to synthesize various (and sometimes
seemingly controversial) task-evoked neural changes after exogenous oxytocin.

Oxytocin enhances information transfer capacity in the brain via regulating networklevel information exchange (Jiang et al., 2021; Martins et al., 2021; Schiller et al., 2019).

It has been found that oxytocin modulates functional connectivity of attention-related

networks. More precisely, the dorsal attention network includes the anterior inferior

parietal sulcus (IPS) and frontal eye fields (FEF), related to top-down attentional

allocation; ventral attention network includes key hubs such as the temporal parietal
junction (TPJ) and the ventral frontal cortex (VFC), involving bottom-up attention
driven by unexpected or salient stimuli (Corbetta et al., 2008; Vossel et al., 2014); and

the cingulo-insular network (also called the saliency network) is defined by anterior

insula (aIN), dorsal anterior cingulate cortex (dACC), and the thalamus regulating tonic

arousal of organisms in a close relationship with the cognitive control network

(Sadaghiani & D’Esposito, 2015; Sestieri et al., 2014; Wallis et al., 2015). Oxytocin
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strengthens the connectivity within each of the attention-related subsystems; and

increases functional segregation between the attentional network and the default mode

network, suggesting that oxytocin induces attentional reallocation from internal states
(such as introspection) towards external socially salient stimuli (Brodmann et al., 2017;

Schiller et al., 2019; Xin et al., 2021; Yan et al., 2018). Oxytocin also enhances reciprocal

interaction between the cingulo-insular network and a cluster of brain regions
supporting evaluation and reward processing (e.g. orbitofrontal cortex, basal ganglia

and amygdala) (Jiang et al., 2021). Besides these attentional and motivational

processes, oxytocin has a prominent effect on emotional recognition and regulation

(Piva & Chang, 2018). Attenuation of amygdala responses in resting state and to
emotional stimuli following intranasal administration of oxytocin has been replicated

across studies. In addition, the neuromodulatory effects of oxytocin on connectivity
between the amygdala and other socio-emotional brain regions (e.g. medial prefrontal

cortex) were extensively reported, but the results were mixed, using seed-based taskevoked approaches (Dodhia et al., 2014; Fan et al., 2014; Kovács & Kéri, 2015; Kumar

et al., 2015; Riem et al., 2013; Sripada et al., 2013). There are several possible reasons

that may have led to the mixed results: individual factors (such as gender and

personality traits), contextual factors (such as task, aversive or prosocial context) and

distinct functions of amygdala subdivisions in sensing, attending, and responding to

emotional stimuli (Balderston et al., 2015; Bickart et al., 2014; Ebner et al., 2016;
Gramer & Reitbauer, 2010; Seeley et al., 2018). Most recently, task-free examinations of

large-scale networks after intranasal administration of oxytocin showed decreased
between-centrality of amygdala (measured as the proportion of times that amygdala

connects with other nodes along the shortest path), suggesting oxytocin might reduce
the weight of the amygdala in transmitting information (Martins et al., 2021). These
observations together suggest that oxytocin hardly targets a specific single neural

network but rather simultaneously regulates brain processing within and among
multiple networks, ranging from sensing, attention allocation, emotion, motivation, and
execution to self-referential processes in line with the multistage framework.

Thesis outline
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In the present thesis, I explore perception and production of communicative actions.

Specifically, I investigated the perceptual consequences of inferred communicative
intention from a third-person perspective, and how recipient design is implemented
during communication from a first-person perspective.

Previous work has suggested that the mentalizing network infers communicative
intention in a movement, and sends feedback to the action observation network to

predict future actions (Liu, 2016; Trujillo et al., 2020). Then, what is the perceptual

consequence of such communication-induced predictions? As social interaction is non-

stationary over time, we may use the predictions to chunk continuous information flow
into meaningful units (Kurby & Zacks, 2008). I postulated that inferred communicative
intention would induce closer temporal binding of elements in one communicative

event. To test this hypothesis, I directly measured temporal perception of

communicative movements in Chapter 2. Furthermore, I explored whether the
temporal binding effect was mediated by oxytocin, given the proposed social saliency
function of this neuropeptide.

Chapters 3 and 4 examined whether and how communicators use recipient design in

dyadic non-linguistic communication. Specifically, using cognitive tasks and MEG

recordings, Chapter 3 explored how oxytocin modulates communication dynamics
when communicators need to incorporate global information of addressees’ general

traits and local information about real-time responses provided by the addressee

during interaction. I hypothesized that oxytocin may lead to a more efficient recipient

design along the communication dynamics by modulating the neural activity of a
temporal-prefrontal network that was suggested to be associated with mentalizing

functions and interpersonal alignment (Stolk, Verhagen, et al., 2013). Chapter 4 made

use of the testing ground of referential pointing to investigate how spatial
representations and communicative demands were integrated on the interface of the

sensorimotor system. I hypothesized that taking another agent's perspective may share

computational resources with planning and executing communicative movement, thus
likely inducing an interaction effect between the two factors and/or affecting variance
of the pointing trajectory.
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Finally, I will summarize main findings of the thesis and future directions in Chapter 5.
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Chapter 2: Perception of communicative movements
idiosyncratically compresses subjective timing regulated
by oxytocin

Based on: Liu, R., Yuan, X., Chen, K., Jiang, Y. & Zhou, W. (2018). Perception of social interaction compresses
subjective duration in an oxytocin-dependent manner. eLife, 7:e32100.
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Abstract
Communication through bodily gestures permeates our daily life. Efficient perception
of the message therein reflects social cognitive competency of an observer. Here we

report that such competency is manifested temporally as a shortened subjective
estimated duration of social interactions: motion sequences showing agents acting

more communicatively are perceived to be significantly shorter in duration as
compared with those acting less communicatively. Autistic-like traits negatively

correlated with the communication-induced temporal compression effect that was

regulated by oxytocin. Specifically, intranasal oxytocin administration restored the
temporal compression effect on communicative movements in socially less proficient

individuals and increased such effect on potential communicative movements in

socially more proficient individuals. Atosiban administration, a competitive antagonist

of oxytocin, diminished the temporal compression effect in both segments of the
population. These findings indicate that perceived time, rather than being a faithful

representation of physical time, is highly idiosyncratic and imprinted within one’s

personality traits. Moreover, they suggest that oxytocin is involved in modulating time
perception of social interactions.
Key words:
communicative movements; temporal perception; oxytocin; Autism Spectrum Quotient
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Introduction
As a joke, Albert Einstein once painted this picture to explain his theory of relativity:

“Put your hand on a hot stove for a minute, and it seems like an hour. Sit with a pretty
girl for an hour, and it seems like a minute. That's relativity.” This seemingly intuitive

picture has no bearing on the structure of space-time, yet nicely illustrates the now

established finding that mental time deviates, sometimes significantly, from physical

time (Eagleman, 2008). To date, the deviation between our experienced time and the
physical time has mostly been attributed to sensory properties of the external stimuli

and/or their context (Eagleman, 2008; Shi et al., 2013; Wang & Jiang, 2012). Without a

peculiar sensor of “time”, our sense of timing relies on the vehicle of information flow
in other modalities; thus, it has been proposed that subjective timing is warped by the

neural energy involved in processing sensory inputs (Buhusi & Meck, 2005; Eagleman,

2008; Eagleman & Pariyadath, 2009; Hartcher-O’Brien et al., 2016; Zhou et al., 2018).

For instance, repeated or predicable stimuli are generally experienced as shorter in
duration (Blakey et al., 2019; Eagleman, 2010; Eagleman & Pariyadath, 2009; Orgs &

Haggard, 2011; Pariyadath & Eagleman, 2012), as they evoke suppressed responses in

sensory cortical neurons (Kruijne et al., 2021). Little is known as to what role, if any,
we, as the experiencers play in the time we experience. Considering our affiliative

nature and the ubiquity of social interactions in daily life, we set out to probe this issue

by examining time perception of social interactions and the inter-individual differences

therein.

An important medium of social interaction is bodily gestures, from which most humans

efficiently extract others’ attitudes and intentions, even when the gestures are
portrayed by only a handful of point lights attached to the head and major joints
(Johansson, 1973). Meanwhile, inter-individual variation is noteworthy. Autistic

individuals characterized by impaired social functions show deficits in perception of
motion of biological entities (i.e. biological motion) (Blake et al., 2003; Klin et al., 2009;

Todorova et al., 2019). Even among neurotypical individuals, there is a wide range of

social proficiency, manifested behaviorally as a stable personality trait (Digman, 1990).

This inter-individual variance has been associated with plasma concentrations of
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oxytocin, a well-documented social neuropeptide, as well as polymorphisms of its
receptor gene (Modahl et al., 1998; Donaldson & Young, 2008; Andari et al., 2014;

Parker et al., 2014; Tost et al., 2010; Skuse et al., 2014). Likely through interactions with

endogenous oxytocin, intranasally administered oxytocin has been found to alter the
processing of human body movements (Kéri & Benedek, 2009; Perry et al., 2010).

Nonetheless, communicative movements go beyond combinations of individual
movements (Krishnan-Barman et al., 2017; Loehr et al., 2013; Pezzulo, Donnarumma,

et al., 2013; Sacheli et al., 2018; Schmitz et al., 2018; Vesper & Sebanz, 2016). Although

temporally adjacent events tend to be inferred as a causal sequence (Michotte, 1963;
Lagnado & Sloman, 2006), ultimately communicative “meaning” is derived from the

observer’s interpretations of kinematic and intentional goals in the agents’ actions,
according to the current contexts (Becchio et al., 2012; Krishnan-Barman et al., 2017;

Loehr et al., 2013; Murillo Oosterwijk et al., 2017; Sebanz & Knoblich, 2009; Tomasello
et al., 2005; Wolpert et al., 2003). It remains unclear whether and how oxytocin

influence our perception of communicative movements. Earlier work on social bonding,
marital behavior, and social attachment has demonstrated oxytocinergic enhancement
in social behavior (Carter, 2014); however, accumulating evidence suggests that the

social impact of oxytocin is highly dependent on contextual and individual factors
(Bartz, 2016; Bartz et al., 2010, 2011; De Dreu et al., 2011; Ma et al., 2016).

To probe these issues, we carried out a series of experiments that manipulated pointlight displays of acting agents, assessed temporal perception of social interactions in

individuals with various levels of social proficiency, and examined the possible role of
oxytocin in this process. Participants were instructed to watch two successively

displayed motion sequences (one more communicative than the other), and to identify
as accurately as possible whether the first or the second motion sequence was
temporally longer, regardless of their content. Oxytocin (OT) or its receptor antagonist,
atosiban (AT), were intranasally administrated to socially proficient and less proficient

individuals. We hypothesized that communicative motion sequences would be

perceived shorter in duration than less communicative ones, as interpersonal
coherence increases temporal binding between the movements of two interacting
31

Chapter 2: Oxytocin regulates perception of communication

agents (Schirmer et al., 2016; Vogel et al., 2021); and the shortened subjective duration

might be predicted by observers’ social proficiency, including their capability of reading
out others’ intention. We also expected oxytocin to enhance, if any, the temporal
compression effect on communicative motion sequences, especially in socially less
proficient individuals (Aoki et al., 2014; Bartz et al., 2010; Domes et al., 2007; Feeser et
al., 2015; Radke & de Bruijn, 2015).

Methods
Participants
Thirty-six volunteers (20 females; mean age ± SD = 22.8 ± 2.7 yrs) participated in
Experiments 1 to 3, twelve in each experiment. The sample sizes were determined by

G*Power to be sufficient to detect a large distortion effect in time perception (Cohen’s

dz = .94; Wang & Jiang, 2012), at a significance level of 0.05 and a power larger than

80%. An independent group of 40 males (22.0 ± 2.7 yrs) took part in Experiment 4.

Given the result of males participants in Experiment 1 and the average AQs distribution
of male students (Baron-Cohen et al., 2001), sample size estimations indicated that a

sample size range from 21 to 64 would be sufficient to detect a medium correlation (0.3
- 0.5), at a significance level and a power the same as above. All the participants in

Experiments 5 and 6 were 1) aged between 18 and 40; 2) with normal or corrected-

normal vision; 3) non-smoker; 4) reported to have no respiratory allergy or upper

respiratory infection and to be free from any pharmacological treatment at the time of

testing; and 5) asked to refrain from caffeine and alcohol 24 hours prior to the
experiment and perfume products on the experiment day. 48 males (21.9 ± 1.9 yrs)
participated in Experiment 5. Due to lack of prior knowledge of the effect size of a
similar task with oxytocin and atosiban administration, it is not easy to run a power

analysis. However, we considered that since Experiment 5 was designed to group the

participants by their AQ scores, that likely reduces the within-group variance in the

effects of oxytocin and atosiban (Bartz et al., 2010, 2011; Bartz, 2016). To prevent

inflating the Type-I error, we thus used a relatively small sample size (24 per cell),
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comparable to samples used in other intranasal oxytocin studies on social perception

and communication (Guastella et al., 2008; Kéri & Benedek, 2009; Bartz et al., 2010;

Schulze et al., 2011; de Boer et al., 2017). Another 20 independent males (21.3 ± 2.9 yrs)
with AQ scores below 20 participated in Experiment 6. The sample size was determined

to be able to conceptually replicate the effect of oxytocin on the high AQ population

which was found in Experiment 5 (Cohen’s dz = 0.57, see Results), at a significance level

of 0.05 and a power larger than 80%. All participants reported to have normal or
corrected-to-normal vision and were given informed consent to participate in

procedures approved by the Institutional Review Board at Institute of Psychology,
Chinese Academy of Sciences.
Visual Stimuli

Experiment 1 measured temporal perception of more-communicative (MC) vs, lesscommunicative (LC) point-light motion sequences; Experiments 2 and 3 employed the

same experimental task (see the next section), while controlled for spatial and temporal
cohesions in the MC and LC motion sequences. Ten MC point-light motion sequences

(male and female versions of five communication scenarios) were adopted from the
Communicative Interaction Database (CID) (Manera et al., 2010), shown at 30 frames
per second with a visual angle of approximately 6°×9° (each agent was approximately

2°×9°). By cross-pairing the agents of the same gender from different interactions, we

produced a physically matched set of ten LC motion sequences. Twenty-four

independent participants (half males, 21.0 ± 2.2 yrs) rated the social interactive level of
the motion sequences on a five-point scale; and confirmed that the MC motion

sequences were perceived as such when compared with LC motion sequences (t23 =

4.40, p < 0.001 , Cohen’s dz = 0.89). Moreover, inversion is known to impair the
perception of biological motion and thereby social interactions mediated by biological
motion, yet low-level visual features in the stimuli remained intact (Troje & Westhoff,
2006). Therefore, the twenty MC and LC motion sequences and their upside-down

versions were used in the experiments as control conditions. Although the inverted
motion sequences eliminated biological entities in the stimuli, with which
communicative intention builds on, movements of two agents coordinately acting

together could be spatially and temporally more correlated than those of two agents
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acting independently (Chartrand & Bargh, 1999; Neri et al., 2006; Manera et al., 2013).

To understand how the temporal and spatial cohesions contribute to the temporal
binding in social perception, we selectively removed the temporal and spatial patterns

of the motion sequences in Experiments 2 and 3, respectively. Specifically, we

introduced a temporal lag of 700 msec (21 frames) in between the two acting agents in

each stimulus in Experiment 2 (Manera et al., 2013), and spatially swapped the two
agents in each display in Experiment 3 such that they faced in opposite directions
instead of facing each other. The original upright MC and LC motion sequences were

employed in Experiments 4 and 5 as well. Experiment 6 specifically examined
oxytocin’s impact on subjective timing of LC and NC motion sequences in lower-AQ
population. The non-communicative (NC) motion sequences were also obtained from
the CID dataset; that is, ten motion sequences portrayed by one agent acting solely,

were paired and matched with the LC motion sequences in genders, physical durations
(400 – 1600 msec), facing orientation (two agents facing towards each other). We

verified in an independent group of 24 participants (21.8 ± 2.4 years) that the LC motion

sequences were perceived as significantly more communicative than the NC ones (t23 =

8.14, p<0.001, Cohen’s dz = 1.66).

Experimental Task and Design

All experiments of the current study used the same temporal discrimination task but

different visual stimuli or combined with a manipulation of psychopharmacological
administration. Here, we first took Experiment 1 as an example to illustrate the task
and then elaborate on the different manipulations in other experiments in contrast to

Experiment 1. Each trial began with a fixation on a central cross (1°×1°) for 1000 msec,

followed by sequentially presented MC and LC motions sequences in random order,
with a blank screen of a random interval from 400 to 600 msec in between (Figure 1).

One of the motion sequences (MC or LC, each in half of the trials in random order) was
presented for 1000 msec, the other for 400, 600, 800, 1000, 1200, 1400 or 1600 msec

with equal probability. That is, the duration difference between the two motion
sequences presented in each trial ranged from -600 msec to 600 msec in steps of 200

msec. Participants were asked to press one of two buttons to indicate which motion

sequence (the first or the second) was longer in duration. The next trial began
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immediately after a response was made. Each participant completed two orientation
(upright and inverted) blocks of the temporal discrimination task. The order of the

upright and the inverted blocks were counterbalanced across participants. Each block

consisted of 140 trials. There were short self-paced breaks after every 35 trials and a

two-minute break between the upright and inverted blocks.

Figure 1. Schematic illustration of an exemplar trial in the temporal discrimination task. Participants
were shown two motion sequences in each trial, one after the other in random order and were asked
to report via button press which (the first or the second) appeared longer in duration. We kept the
duration of either more-communicative (MC) or less-communicative (LC) motion sequence fixed at
1000 msec (each in 50% of trials in random order), and varied the duration of the other one from trial
to trial (from 400 to 1600 msec, in steps of 200 msec). In different blocks, the two motion sequences
were either both shown upright, or both inverted. By assessing which motion sequence participants
perceived as being longer in duration, we obtained psychometric curves that depicted the probability
of choosing the MC over the LC as a function of their physical duration difference (MC vs. LC). The
duration difference corresponding to a probability of 50% marks the point of subjective equality (PSE),
which would be around 0 if there is no influence of communicative intention on time perception. Half
the interquartile range of the fitted psychometric function marks the difference limen (DL), an index
of one’s sensitivity in temporal perception.

Experiments 2 and 3 followed the same procedures as Experiment 1 except for the
following: In Experiments 2 and 3, respectively, a temporally delayed version and a
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spatially swapped version of the MC and LC motion sequences were used (see Visual

Stimuli above). As a result of the temporal lag inserted between the acting agents, each

motion sequence in Experiment 2 was presented for 700 msec longer than in
Experiment 1 on average. Experiment 4 to 6 only introduced the upright block of 140

trials as in Experiment 1. In Experiment 4, participants first completed the temporal

discrimination task, and then were administered the AQ scale (Baron-Cohen et al.,
2001). Experiment 5 adopted a double-blinded mixed design. Participants completed
one task block at baseline (“no drug”) and completed another block 40 minutes after

drug treatment (either oxytocin or atosiban, see Pharmacological Administration

below). They also provided ratings on the Profile of Mood States scale (McNair et al.,
1971) following the temporal discrimination task, both at baseline and after drug

treatment. Experiment 6 adopted upright LC and NC motion sequences. Due to
availability of participants at that time, Experiment 6 was changed to be a full factorial

within-subject design, i.e. each observer participated for two days (more than 24 hours

in between), receiving oxytocin on one day and atosiban on the other. The order of the
treatments was counterbalanced across participants; and the daily procedures
remained the same as in Experiment 5.
Pharmacological Administration

Participants in Experiments 5 and 6 self-administered a single intranasal dose of 24 IU

of oxytocin (ProSpec, > 99.0% as determined by RP-HPLC, dissolved in saline; three

puffs per nostril, each with 4 IU of oxytocin; for half of the participants in Experiment 5
and all the participants in Experiment 6) or 60 µg of atosiban (ProSpec, > 99.0% as

determined by RP-HPLC, dissolved in saline; three puffs per nostril, each with 10 µg of
atosiban; for half of the participants in Experiment 5 and all the participants in

Experiment 6) after they completed the baseline blocks of the temporal discrimination
task and the Profile of Mood States scale. Atosiban is a desamino-oxytocin analogue and

a competitive oxytocin receptor antagonist (Sanu & Lamont, 2010). Both oxytocin (Dal
Monte et al., 2014; Freeman et al., 2016; Martins et al., 2020) and atosiban (Lamont &

Kam, 2008; Lundin et al., 1986) have been shown to be bioavailable when administered
intranasally.
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Analysis and Statistical Inference
For each participant under each condition, we calculated the proportions with which a
MC motion sequence was judged as longer in duration than a LC motion sequence (in

Experiment 1 to 5; a LC motion sequence longer than a NC motion sequence in
Experiment 6), and fitted them with a Boltzmann sigmoid function 𝑓𝑓(𝑥𝑥) = 1/(1 +

exp((𝑥𝑥 − 𝑥𝑥0 )/𝜔𝜔) (Wang & Jiang, 2012), where 𝑥𝑥 corresponds to the physical duration

difference between a MC motion sequence and a LC one (-600, -400, -200, 0, 200, 400,

or 600 msec), 𝑥𝑥0 corresponds to the PSE, at which the participant perceived two motion
sequences as equal in duration; and half the interquartile range of the fitted function
corresponds to DL, an index of temporal discrimination sensitivity. PSE and DL served

as the dependent variables and were subsequently compared between conditions and
groups. PSEs were contrasted to zero with one-sample t-tests to detect the temporal

distortion effect (significantly positive PSEs indicate a temporal compression effect, and
negative PSEs temporal dilation effect). Paired-samples t-tests were performed on PSEs

(and DLs) between upright and inverted blocks in Experiments 1 to 3, and between preand post-treatment blocks in Experiment 5 and 6. We conducted a mixed-design

ANOVA to test the influences of vertical orientation (upright and inverted),
configuration across experiments (original, temporally delayed or spatially swapped)

of the motion sequences and their interaction on PSEs (and DLs) across Experiments 1

to 3. Furthermore, PSEs (and DLs) were correlated with AQ scores and independent-

samples t tests were performed on PSEs (and DLs) between high- and low-AQ groups

in Experiment 4. All statistic inferences were conducted with IBM SPSS 22.0.

Results
Communicative Movements Shortens Subjective Timing
Twelve participants (7 females) performed the temporal discrimination task in

Experiment 1 (MC vs. LC motion sequences). In the upright condition, the mean PSE was
85 msec, significantly above 0 (t11 = 4.11, p = 0.001, Cohen’s d = 1.19, Figure 2A). In

other words, an upright MC motion sequence compressed subjective duration such that
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it needed to be 85 msec longer to be perceived as equal in duration to an upright LC

motion sequence. In the inverted condition, the mean PSE was significantly smaller (t11

= -4.84, p < 0.001, Cohen’s dz = 4.84) and not different from 0 (t11 = -0.85, p = 0.41)

(Figure 2A). This result verified that the temporal compression effect of perceived
social interactions could not be due to low-level non-biological visual features (Troje &

Westhoff, 2006). The data from individual participants conformed with the averaged

patterns; and they are summarized in Figure 2D, in which each participant’s PSEs from
the upright (y-axis) and the inverted (x-axis) conditions are plotted against each other

and shown as an orange dot. The orange dots fell above the dashed line of slope 1,

although several of them were close to the diagonal; that is, the participants were

largely tuned towards perceiving the MC motion sequences as temporally shorter than
the LC ones when the agents were shown upright as opposed to upside down. Their

temporal sensitivities remained unchanged between the two conditions, as indicated
by a comparison of the DLs (t11 = 0.75, p = 0.47).

In Experiments 2 and 3, a temporally delayed version and a spatially swapped version

of the stimuli in Experiment 1 were used, respectively. The two experiments were

otherwise identical to Experiment 1. The results from 24 participants (12 in each of
Experiments 2 and 3; 13 females) indicated that neither the temporally delayed MC
motion sequences nor the spatially swapped ones altered temporal perception relative

to their LC counterparts (Figure 2B&C). More precisely, a mixed-design ANOVA of the
pooled PSEs across Experiments 1 to 3 confirmed a significant interaction between the
vertical orientation of the agents (upright and inverted) and motion sequence

configuration (original, temporally delayed or spatially swapped) (F2,33 = 9.13, p =

0.001, Cohen’s f = 0.74). Neither such interaction (F2,33 = 0.53, p = 0.59) nor main effects
(F2,33s = 0.52 and 0.45, ps = 0.28 and 0.41, for vertical orientation and motion sequence

configuration, respectively) were found on the DLs. Post-hoc analyses showed that the

PSEs for temporally delayed and spatially swapped motion sequences were not

significantly different from 0 regardless of whether the motion sequences were

presented upright (t11s = 0.59 and -0.86, ps = 0.57 and 0.41 for temporally delayed and
spatially swapped motion sequence, respectively) or upside down (t11s = 0.30 and 0.08,

ps = 0.77 and 0.94, respectively). Between the upright and the inverted conditions,
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there was no significant difference in PSE (t11s = 0.31 and -0.37, ps = 0.76 and 0.71 for

temporally delayed and spatially swapped motion sequence, respectively) or DL (t11s =

-0.42 and 0.96, ps = 0.68 and 0.36, respectively). We also examined individual data and

plotted each participant’s PSEs from the upright and the inverted conditions against
each other. As shown in Figure 2D, the values fell on both sides of the dashed line of

slope 1 and were centered around the origin for both temporally delayed (Experiments

2, dark gray squares) and spatially swapped (Experiment 3, light gray triangles) motion
sequences. We hence concluded that the temporal compression effect observed in the
original motion sequence (Experiment 1) was absent in temporally delayed

(Experiment 2) and spatially swapped (Experiment 3) ones, thus mere spatial or
temporal contingency between the moves of two agents, without a recognizable
communicative intention was insufficient to induce the temporal compression effect.
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Figure 2. Perception of communicative movements shortens subjective timing. A. Proportion of
responses in which participants reported a more-communicative motion sequence (MC) as longer in
duration than a less-communicative one (LC), plotted as a function of the physical duration difference
between the two. Data are shown for the upright (solid curve) and the inverted (dashed curve)
conditions in Experiment 1. Inset shows the PSEs. A PSE of 0 indicates a consistency between
subjective and physical duration. B-C. Psychometric functions for Experiments 2 and 3 where a
temporally delayed version (B) and a spatially swapped version (C) of the motion sequences in
Experiment 1 were respectively used. D. The PSEs for the upright condition versus the PSEs for the
inverted condition for individual participants in Experiments 1 (orange dots), 2 (dark gray squares) and
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3 (light gray triangles). A slope of 1 (dashed diagonal line) represents comparable PSEs for the upright
and the inverted conditions. Error bars: standard errors of the mean; ***: p < 0.001; n.s.: not
significant.

The Subjective Communication-induced Temporal Compression Depends on
Observers’ Autistic-like Tendency
Recognition of communicative intention does not uniformly occur across all observers.
Social communicative ability has been shown to vary along a continuum from

individuals with autism to neurotypicals (Baron-Cohen, 1995; von dem Hagen et al.,

2011; Nummenmaa et al., 2012). The degree of autistic traits, as measured by the
Autism Spectrum Quotient (AQ), has substantial inter-individual variance even among

neurotypical adults. Such variance is particularly pronounced in males, who generally
score higher than females on the AQ (Baron-Cohen et al., 2001). We wondered if the

extent of temporal compression induced by the perception of social interactions (see
Figure 2D for an example of inter-individual difference) was a manifestation of one’s
autistic traits. To this end, we recruited a larger sample of 40 male participants and

carried out Experiment 4, which employed the same task as Experiment 1 except that
all motion sequences were only presented upright (i.e., the inverted condition that
served as a control in Experiment 1 was not included). Each participant’s autistic traits
were also assessed with the AQ scale. Overall, Experiment 4 reproduced the temporal

compression effect observed in Experiment 1. The mean PSE was 36 msec, comparable
to that of the male participants in Experiment 1 (35 msec) and significantly above 0 (t39
= 3.38, p = 0.002, Cohen’s d = 0.53, Figure 3A). Critically, the correlation analysis

revealed a significant negative correlation between PSE and AQ score (r40 = -0.45, p =

0.004, Figure 3B): those with higher AQ scores, namely stronger autistic-like

tendencies, were less biased in making duration judgments of the MC and the LC motion
sequences, and had PSEs closer to 0. A median split of the participants by AQ score
showed that the temporal compression effect was evident in the low AQ group (AQ <

20, t18 = 3.87, p < 0.001, Cohen’s d = 0.89), but not in the high AQ group (AQ ≥ 20, t20=

1.11, p = 0.28, Cohen’s d = 0.24). Furthermore, the high AQ group’s PSEs were
significantly lower than those of the low AQ group (t38 = -2.14, p = 0.002, Cohen’s d =
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0.68), but the groups did not differ in the DLs (t38 = -.94, p = 0.35) (Figure 3C). These

results, while reaffirming the influence of perceived social interactions on subjective

duration, highlighted the idiosyncrasy of subjective time for social interactions, and tied
it to a stable personality trait –– autistic-like tendency.

Figure 3. The degree of temporal compression induced by the perception of movements reflects
one’s autistic-like tendency. A. Psychometric function for Experiment 4 which contained only the
upright condition. Inset shows the overall PSE. B. The PSEs negatively correlated with scores on the
Autism Spectrum Quotient (AQ). C. Comparison of the PSEs for low AQ (< 20) versus high AQ (≥ 20)
participants. Error bars: standard errors of the mean; **: p < 0.01, ***: p < 0.001, n.s.: not significant.

Oxytocin Affects the Communication-induced Temporal Compression Modulated by
Observers’ Autistic-like Tendency
Autistic traits have been widely associated with reduced levels of oxytocin (Modahl et

al., 1998; Clark et al., 2013; Parker et al., 2014), and can be ameliorated with intranasal
oxytocin administration (Guastella et al., 2010; Gordon et al., 2013; Watanabe et al.,

2015; Yatawara et al., 2016). The link between autistic traits and subjective duration of
social interactions thus raises a question of whether oxytocin plays a role therein.
Experiment 5 probed this question by testing if the application of oxytocin would

change the communication-induced temporal compression effect as a function of

individual autistic traits. The same task as in Experiment 4 was employed. Forty-eight
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males with AQ scores larger than or equal to 20 (range: 20 – 36) and forty-eight males

with AQ scores smaller than 20 (range: 9 - 19) completed the temporal discrimination
task twice, once before and once 40 minutes after the nasal administration of either

oxytocin or it receptor antagonist -- atosiban (24 participants per cell). A 2(oxytocin or
atosiban) * 2(High or Low AQ) * 2(before and after the treatment) mixed-design ANOVA

returned a significant interaction among the three experimental factors (F1,92 = 8.18, p

= 0.005, Cohen’s f = 2.13).

Firstly, in the pretest, we replicated the disassociation of the communication-induced

temporal compression effect between the high and low AQ groups, that is, PSEs of the
high AQ group were lower than those of the low AQ group before any nasal admiration
(t94 = -2.42, p = .009, Cohen’s d = 0.49), as found in Experiment 4.

Secondly, consistent with our hypothesis, oxytocin promoted the temporal

compression of MC movement in high-AQ individuals. The mean PSE significantly
increased by 40 msec (t23 = 2.81, p = 0.005, Cohen’s dz = 0.57), from 14 msec at baseline

which was not significantly different from 0 (t23 = 1.33, p = 0.20), to 54 msec after

oxytocin administration (significantly above 0, t23 = 3.10, p = 0.003, Cohen’s d = 0.63)

(Figure 4A). By contrast, in those treated with atosiban in the high-AQ group, the mean

PSE was not significantly different from 0 both at baseline (19 msec, t23 = 1.43, p = 0.17)

and after atosiban administration (-8 msec, t23 = -0.69, p = 0.50), yet showed a
significant reduction (t23 = -2.50, p = 0.01, Cohen’s d = 0.51) (Figure 4B). These effects

could not be due to changes of participants’ temporal sensitivity or transient mood

state, as their DLs (t23s= 1.15 and -0.62, ps = 0.26 and 0.95 for oxytocin and atosiban,
respectively) and ratings on the Profile of Mood States (POMS) scale (McNair et al.,

1971) (total mood disturbance t23s = -1.17 and -0.81, ps = 0.25 and 0.42, for oxytocin

and atosiban, respectively) remained unaltered.

Thirdly, participants who were more socially proficient (with lower AQ scores)

perceived the MC motion sequences as shorter in duration than the LC ones during the
pretest baseline (mean PSEs = 50 and 53 msec, t23s = 2.78 and 3.54, ps = 0.005 and

0.001, Cohen’s d = 0.57 and 0.72 for oxytocin and atosiban groups, respectively).
Nevertheless, this value dropped significantly not only after atosiban but also oxytocin
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administration by 40 msec (t23s = 2.40, p = 0.01, Cohen’s dz = 0.49) and 28 msec (t23s =

2.26, p = 0.02, Cohen’s dz = 0.46), respectively. Both treatments changed the mean PSEs

to be not significantly above 0 (t23s = 1.51 and 0.83, ps = 0.15 and 0.42 for oxytocin and

atosiban groups, respectively) (Figure 4C&D). Meanwhile, their DLs (t23s = -1.18 and -

1.51, p = 0.25 and 0.15 for oxytocin and atosiban groups, respectively) and POMS
ratings (total mood disturbance t23s = -0.48 and 1.00, p = 0.64 and 0.33, for oxytocin and
atosiban groups, respectively) were unaffected.

We plotted in Figure 4E the distributions of PSEs for individual participants in
Experiments 5 before (x-axis) and after (y-axis) drug treatment. Their central

tendencies are respectively highlighted in Figure 4F, generated by using a standard

bootstrapping procedure (Davison & Hinkley, 1997). The majority of the participants

with a high AQ score that were treated with oxytocin (light brown dots with red edges)
fell around the dashed line of x = 0 on the positive side and above the dashed line of

slope 1. In other words, they were not biased in making duration judgments of MC and

LC motion sequences before oxytocin administration but became biased towards

perceiving the MC ones as shorter in duration afterwards and showed increased PSEs.
By contrast, the participants with a low and high AQ score that were treated with
atosiban (squares with blue edges) mainly fell below the dashed line of slope 1,

indicating that atosiban generically reduced the communication-induced distortion in
subject timing regardless of participants’ AQ scores. Interestingly, those with a low AQ
score that were treated with oxytocin (dark brown squares with red edges) and those

with a high AQ score that were treated with atosiban (light brown dots with blue edges)
largely fell on top of each other. This finding indicated that oxytocin affected subjective
timing of communicative movements depending upon participants’ social traits.
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Figure 4. Oxytocin modulates temporal compression effect of communicative movements. A-D.
Psychometric functions for high AQ participants (A-B) and low AQ participants (C-D) who completed
the temporal discrimination task of upright motion sequences (more- vs. less-communicative) both
before (gray curves) and after the nasal administration of either oxytocin (red curves) or atosiban
(blue curves). Insets show the PSEs. E. The PSEs after drug administration versus the PSEs before drug
administration for high AQ individuals treated with oxytocin (light brown dots with red edges), high
AQ individuals treated with atosiban (light brown squares with blue edges), low AQ individuals treated
with oxytocin (light brown dots with red edges) and low AQ individuals treated with atosiban (light
brown squares with blue edges). A slope of 1 (dashed diagonal line) represents comparable PSEs
before and after drug administration. F. Bivariate distributions of 1000 iterations of bootstrapped data
for each condition. Error bars: standard errors of the mean; *: p < 0.05, **: p < 0.01, ***: p < 0.001,
n.s.: not significant.

Exogenous Oxytocin Enhances Perception of Potential Communicative Intention in
Socially More Proficient Observers
The seemingly opposite effects of oxytocin on individuals with high and low AQ scores
provide an important insight in the role of oxytocin in social adjustment, relevant for
understanding conflicting reports on the effects of oxytocin (Bartz et al., 2010, 2011;
Bartz, 2016; De Dreu et al., 2011). Experiment 5 found that oxytocin reduced the biases

of subjective timing in a socially more proficient population. However, that does not

necessarily mean that oxytocin hampered social perception of the participants with
lower AQ scores, as the PSE indicates perceived temporal differences of MC vs. LC
motion sequences. Contrarily, exogenous oxytocin likely facilitated the participants in

recognizing communicative properties in the LC motion sequences. This notion was
confirmed by Experiment 6 that contrasted influences of oxytocin and atosiban on the

subjective duration of LC vs. NC motion sequences. The LC motion sequences were
identical to those in Experiment 5. The NC motion sequences contained independent

movements of two agents, matched with the LC motion sequences in genders, physical
durations, and facing directions. 20 male participants with AQ scores lower than 20

(ranges: 12-19) joined the two-day experiment, one day for oxytocin treatment and the

other for atosiban treatment. The treatments were given in a random order
counterbalanced across the participants.
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In line with our prediction, oxytocin yielded a temporal compression of LC movements
in contrast to NC movements, but the control treatment of atosiban returned a null

effect. The mean PSE significantly increased by 18 msec (t19 = 2.46, p = 0.01, Cohen’s dz

= 0.54) after oxytocin administration, although it still remained not significantly

different from 0 (13 msec, t19 = 1.43, p = 0.21) (Figure 5A). By contrast, after atosiban

administration, no significant changes of PSEs were found (t19 = 0.22, p = 0.83), (Figure

5B). These results could not be explained by participants’ temporal sensitivity or
transient mood state, as their DLs (t19s= -0.37 and 0.94, ps = 0.72 and 0.35 for oxytocin

and atosiban, respectively) and POMS ratings (total mood disturbance t23s = -0.79 and

0.82, ps = 0.44 and 0.42, for oxytocin and atosiban, respectively) remained unchanged.

Neither could it be attributed to variations of the baseline on separate testing days, as
the PSEs (t19 = -0.45, p = 0.66), DLs (t19 = 0.96, p = 0.35) and POMS rating (t19 = 0.28, p

= 0.78) were comparable between oxytocin and atosiban conditions, indicating the
participants’ biases of subject duration, temporal sensitivity, and mood state remained
stable over the testing days, before any neurochemicals were given.

Figure 5D displayed the bootstrapped PSEs of LC vs. NC motion sequences (with a

higher contrast), before (x-axis) and after (y-axis) drug treatments. The majority of the

data points fell around the dashed line of x = 0, indicating that the lower AQ participants
were not biased in making duration judgments of LC and NC motion sequences before

any neurochemicals were given. The lower AQ participants given oxytocin
administration (dark brown dots with red edges) primarily fell above the dashed line

of slope 1. In other words, they became more sensitive to the LC movements and
showed increased PSEs. By contrast, the participants with a low AQ score that were

treated with atosiban (dark squares with blue edges) remained around the dashed line

of slope 1, implying that endogenous oxytocin level of the low AQ participants might
not be enough to bias perceiving the LC movements as, potentially communicative. This

finding, together with that of Experiment 5, suggested that oxytocin regulates temporal
perception of social interaction and enhanced percepts of communicative intention
embedded in the movements, even if they were only subtly communicative.
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Figure 5. Oxytocin induces a temporal compression effect of potential communicative movements
in low AQ participants. A-B. Psychometric functions for low AQ participants who completed the
temporal discrimination task of upright motion sequences (less- vs. non-communicative) both before
(gray curves) and after the nasal administration of either oxytocin (red curve) or atosiban (blue curve).
Insets show the PSEs. C. The PSEs after drug administration versus the PSEs before drug administration
for low AQ individuals treated with oxytocin (dark brown dots with red edges) and low AQ individuals
treated with atosiban (dark brown squares with blue edges). As a reference, the shadowed dots
present high AQ individuals treated with oxytocin in Experiment 5 (more- vs. less-communicative). A
slope of 1 (dashed diagonal line) represents comparable PSEs before and after drug administration.
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D. Bivariate distributions of 1000 iterations of bootstrapped data for each condition. Error bars:
standard errors of the mean; **: p < 0.01, n.s.: not significant.

Discussion
As one of many social species, humans seek out companionship and social interactions.
The current study demonstrates that this social nature is imprinted in our mental

representation of time: Motion sequences depicting agents engaging in social
interactions tend to be perceived as shorter in duration than those showing agents

acting less communicatively; and such temporal compression effect is associated with
observers’ autistic traits and regulated by oxytocin. Whereas distortion of time

perception has been widely related to properties of the stimuli and the context
(Eagleman, 2008; Shi et al., 2013; Wang & Jiang, 2012), the current study provides, to
our best knowledge, the first empirical evidence that links the subjective timing of an

event with a personality trait. In doing so, it opens up a new avenue to examine

spontaneous processing of complex social interactions at the individual level.
Furthermore, this study directly probed oxytocin’s regulative role in temporal

perception of social interaction in socially more- and less-proficient individuals. These
findings add to and extend the extant pharmacological research on time perception,

which has primarily focused on other neurochemicals, e.g. dopamine, serotonin and
acetylcholine (Meck, 1996; Buhusi & Meck, 2005; Allman & Meck, 2012).

The communication-induced temporal compression effect is independent of the basic

visual features or the non-biological properties of the agents (Experiment 1), and the

superficial spatial or temporal correlations between them (Experiments 2 and 3).
Rather, it is associated with participant’s autistic traits, such that socially less proficient
individuals (with higher AQ) are less susceptible to the temporal compression effect

than socially proficient ones (with lower AQ) (Experiment 4). Moreover, the mechanism
underlying this phenomenon involves oxytocin in a context-dependent manner

(Experiments 5 and 6). In socially less proficient individuals, likely to have lower levels

of endogenous oxytocin (Modahl et al., 1998; Clark et al., 2013; Parker et al., 2014;
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Andari et al., 2014), oxytocin administration raised the communication-induced

temporal compression effect; in contrast, in socially more proficient individuals, this

same effect is diminished following the application of an oxytocin antagonist named

atosiban (Experiment 5). Additionally, exogenous oxytocin allowed the socially more

proficient individuals to become more sensitive to subtle communicative properties of
the stimuli (Experiment 6).

Subjective time was proposed to be a signature of the amount of neural energy

expended in representing a stimulus (Buhusi & Meck, 2005; Eagleman, 2008; Eagleman
& Pariyadath, 2009; Hartcher-O’Brien et al., 2016; Pariyadath & Eagleman, 2012; Zhou

et al., 2018), for instance, neural repetition suppression in sensory cortex correlates
with shortened subjective duration (Kruijne et al., 2021). However, perception of

communicative signals involves multifaceted information processing that requires

accurate recognition of and coordination with others’ dispositions and intentions

(Becchio et al., 2008, 2010; Blythe et al., 1999; Cook, 2016; Frith & Frith, 2003; Karniol,
1978; Krishnan-Barman et al., 2017; Manera et al., 2010; Van Rooij et al., 2011). It

entails the inference of origin and effect (causal integration), the integration of sensory
cues (e.g. motion cues) and comparing to prior experience to form impressions, extract
intentions, and arrive at judgments (Heider, 1944; Smith, 1984; Blythe et al., 1999;

Buehner, 2005; Sigman, 2010; Wimpory, 2015; Richmond & Zacks, 2017). To this end,

we humans have evolved a finely coordinated neural network. So-called social brain

areas (such as TPJ and mPFC) have been regarded as essential nodes during social
perception and interactions between two minds (Carter & Huettel, 2013; Frith & Frith,
2003; Gutnisky & Dragoi, 2008; Mars et al., 2012; Saxe, 2006; Trujillo et al., 2020; Van

Overwalle & Baetens, 2009). Together with other brain regions (such as temporal pole

and premotor cortex) they enable the efficient assessment and interpretation of social

signals (Stolk, Verhagen, et al., 2013; Vivanti & Rogers, 2014). The observed
communication-induced temporal compression effect likely arises from these higher

stages of information integration, e.g. causal relationship of movements generated by

the interacting agents, that are built upon more efficient neural coding and economic

signal transmission among neural circuits and thereby shorten subjective duration,

supporting the neural coding efficiency (predictive-coding) account of temporal
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perception (Buonomano & Maass, 2009; Eagleman, 2010; Eagleman & Pariyadath,
2009; Karmarkar & Buonomano, 2007; Kilner et al., 2007; Matthews & Gheorghiu,
2016; Schirmer et al., 2016; Vogel et al., 2021; von der Lühe et al., 2016).

Of note here is that the observed temporal compression effect cannot be entirely

explained by the operation of dedicated models of time perception that advocate a

central clock for interval timing (Buhusi & Meck, 2005; Fereday & Buehner, 2017;
Grondin, 2010; Ivry & Schlerf, 2008), since the effect is specific to the perception of

social interactions that possess greater saliency (Birmingham et al., 2008; Simion et al.,
2008; Flechsenhar & Gamer, 2017). On the one hand, according to the line of central
clock models, such stimulus-driven saliency would increase arousal level of the

perceiver and the amount of pulses generated by the pacemaker, predicting a temporal
dilation effect (Tse et al., 2004; Wang & Jiang, 2012). On the other hand, top-down

attention to a ‘target’ stimuli has been proposed to disconnect the pacemaker and
accumulator, so that the pluses would not be counted, hence, compress the perceived

duration (Lin & Shimojo, 2017; Ciria et al., 2019). In fact, we did not use any ‘target’ in

the current study, namely, all point-light motion sequences were shown in random

order in each trial and had equal chance to be assigned to the standard duration. In
other words, participants’ top-down attention due to the expectation of a “target”

stimulus was not more likely to be biased towards one type of motion sequences than

another. It might be possible that the communicative “meaning” that was derived from
the actions of the two interacting agents modulated attention allocation with a feedback

signal from higher-order cortical region to sensory cortex, but according to the neural

coding efficiency account, this would require an additional information processing step,
i.e. attention (re-)allocation (Aitchison & Lengyel, 2017; Cheng et al., 2021; Isik et al.,

2020; Richter & de Lange, 2019). However, it is worth noting that the two theories are

not mutually exclusive, but rather describe different aspects of interval timing.

Moreover, some researchers proposed that autism spectrum disorders are associated
with an atypical temporal binding window and domain-general (social and non-social)

impairment of temporal perception, especially for deficits in relation to cross-modal

sensory inputs (Gepner & Mestre, 2002; Brandwein et al., 2013; Stevenson et al., 2014;
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Brock et al., 2002; Allman & Meck, 2012; though with inconsistent results, for a review

see Casassus et al., 2019). It is plausible that such deficits cascade into the domain of
social interactions and partially cause the aforementioned effects. However, these

possibilities are not sufficient to account for our observation that participants with
higher and lower AQ scores remained comparable temporal perception sensitivity

(DLs), across all conditions. The communication-induced temporal compression effect

is more likely driven by less proficient recognition of communicative intention

conveyed by the motion sequences.

Oxytocin conditionally drives social motives (Dölen et al., 2013) and has increasingly

been identified as an important modulator of social behaviors (Carter, 2014; Donaldson
& Young, 2008) ranging from social recognition (Oettl et al., 2016) to consolation

(Burkett et al., 2016) and ethnocentrism (De Dreu et al., 2011). Besides, results from

human brain imaging studies indicate that the application of oxytocin modulates
responses in the STS, TPJ, and the prefrontal cortex (Zink & Meyer-Lindenberg, 2012;

Ma et al., 2016; Martins et al., 2020). Empirical evidence of rodent models also denoted
the essential role of oxytocin in regulating the intracellular excitation/inhibition
balance associated with autistic-like social impairments (Oliet et al., 2007; Tyzio et al.,

2014; Leonzino et al., 2016; Wagner & Harony-Nicolas, 2018). Such alterations of neural

activities presumably facilitate social processing in socially less-proficient individuals,
where exogenous oxytocin has been shown to exert a more definitive prosocial effect

(Bartz et al., 2010, 2011), thereby giving rise to their shortened subjective duration of

communicative movements following oxytocin administration. In socially proficient

individuals, the influence of exogenous oxytocin is more complicated, even hard to

predict and interpret (Bartz et al., 2010, 2011; Bartz, 2016; Olff et al., 2013).
Nevertheless, we were able to show that antagonizing endogenous oxytocin in this

group of participants reduced the temporal compression effect, hence affirming the role
of oxytocin in mediating time perception of social interactions. Moreover, we found that

intranasal oxytocin was able to increase the communication-induced temporal
compression effect on potentially communicative movements within socially proficient

individuals, suggesting that exogenous oxytocin even allowed them to capture subtle

communicative signals, beyond the level achieved with endogenous oxytocin (Modahl
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et al., 1998; Clark et al., 2013; Parker et al., 2014; Andari et al., 2014). Such observations
might reflect changes in multifaceted states of cortex where subjective timing and social

processing overlap (Buhusi & Meck, 2005; Karmarkar & Buonomano, 2007;
Buonomano & Maass, 2009; Stolk, Verhagen, et al., 2013; Schirmer et al., 2016) after

intranasal oxytocin administration.

Conclusion
Subjective time is not only nonuniform, like Einstein alluded to in his analogy, but also

a product of interaction between idiosyncratic, neuroendocrine and contextual factors.
One’s social competency is manifested temporally as a shortened subjective timing of
social interactions that is mediated by oxytocin. Specifically, intranasal oxytocin

administration restored the temporal compression effect on communicative

movements in socially less proficient individuals and increased such effect on potential
communicative movements in socially more proficient individuals.
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Supplementary 1: Visual Stimuli
Table S1 provides descriptions of the point-light motion sequences used in the temporal

discrimination task. All of the motion sequences were chosen from the Communicative

Interaction Database (CID, Manera et al., 2010). Two agents (A and B) of the same

gender acting communicatively were portrayed for the more communicative motion

sequences (MC1-10), each portraying two agents engaging either in a person-to-person
(dyadic, 2 motion sequences) or a person-object-person (triadic, 8 motion sequences)

interaction. The less-communicative motion sequences (LC1-10) were cross-paired

agents of the same gender from MC1-10. The non-communicative motion sequences

(NC1-10) were constructed with two agents acting alone. Twenty-four independent

viewers (12 females, 21.0 ± 2.0 year-old) rated on a five-point scale the level of
communicative intention that the MC and LC motion sequences conveyed. The results

confirmed the MC motion sequences were perceived as more communicative than the

LC ones (t23 = 4.45, p < 0.001, Cohen’s dz = 0.89). Twenty-four independent male

viewers (21.8 ± 2.4 year-old) completed the same rating procedure with the LC and NC

motion sequence. The results confirmed the LC motion sequences were perceived as

more communicative than the NC ones (t23 = 8.14, p<0.001, Cohen’s dz = 1.66). The
average rates of each motion sequence are summarized in Table S2.
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F

M

F

M

F

M

F

LC2

LC3

LC4

LC5

LC6

LC7

F

MC7

LC1

M

MC6

M

F

MC5

MC10

M

MC4

F

F

MC3

MC9

M

MC2

M

F

MC1

MC8

Gender

Motion Sequences

56
MC7A + MC3B

MC6A + MC8B

MC5A + MC7B

MC4A + MC2B

MC3A + MC1B

MC2A + MC10B

MC1A + MC9B

A asks B to stop; B, who is walking, stops.

A asks B to stand up; B, who is sitting, stands up.

A indicates to B the position of something on the floor; B bends down and picks the object up.

A asks B to look at something on the floor; B bends down to look at it.

A asks B to look at something on the ceiling, behind B; B turns 180° and looks at it.

Interaction Description

Table S1. Descriptions of the CID point-light motion sequences used in this chapter.
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F

M

F

M

F

M

F

M

F

M

F

M

LC9

LC10

NC1

NC2

NC3

NC4

NC5

NC6

NC7

NC8

NC9

NC10

A stretches his/her body. B takes an object and moves it.

A drinks a glass of water. B sits down.

A makes one jump. B bends down and picks up an object.

A looks under his/her foot. B draws an object down, and puts it on the floor.

A sneezes. B turns him/herself 180o.

MC10A + MC6B

MC9A + MC5B

MC8A + MC4B

Note: This table is adapted from the appendix of the original study (Manera et al., 2010).

M

LC8
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Table S2. Sociality ratings (5-point scale) of the CID point-light motion sequences.
A) MC and LC motion sequences used in Experiments 1-5
Motion Sequences

Averaged Rates

Motion Sequences

Averaged Rates

MC1&2

3.9

LC1&2

3.9

MC3&4

3.8

LC3&4

3.2

MC5&6

2.8

LC5&6

2.5

MC7&8

2.6

LC7&8

2.4

MC9&10

3.9

LC9&10

2.9

B) LC and NC motion sequences used in Experiment 6
Motion Sequences

Averaged Rates

Motion Sequences

Averaged Rates

LC1&2

3.7

NC1&2

2.3

LC3&4

2.9

NC3&4

1.7

LC5&6

2.5

NC5&6

2.0

LC7&8

2.3

NC7&8

2.1

LC9&10

2.6

NC9&10

1.9
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Based on: Liu, R., Stolk, A., de Boer, M., Oostenveld, R. & Toni, I. (2021) Oxytocin facilitates communicative

adjustment by upregulating broadband aperiodic neural activity in ventral prefrontal cortex. PsyArXiv, doi:
10.31234/osf.io/kq9g6.
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Abstract
Oxytocin modulates various social behaviors. In humans, oxytocin has been shown to

modulate recipient design, i.e. how communicators adjust to their presumed mutual
knowledge. Here, we investigate electrophysiological correlates of the oxytocinergic
modulation of recipient design. Fifty-one males were randomly assigned to receive

double-blind intranasal administration of oxytocin or placebo. While acquiring
magnetoencephalography, the participants engaged in a live communicative task with

two different addressees, a child and an adult. Unbeknownst to the participants, a

confederate played the role of both addressees, with matched communicative
behaviors. All participants started the task by putting more emphasis on their

communicative behaviors when they thought to be interacting with the child addressee.

As the communication progressed, the oxytocin group reduced variability in their
communicative adjustments, adapting more effectively than the placebo group to the
matched communicative behavior of the addressees. The magnitude of this oxytocin-

related dynamic communicative adjustment was proportional to increased broadband
aperiodic power, an index of local synaptic activity, in the right prefrontal-temporal
circuit. These findings indicate that oxytocin facilitates dynamic adjustments in
recipient design by enhancing cortical signal-to-noise in a portion of the same cortical

circuit known to support the production of novel communicative behaviors.
Key words:

recipient design; social interaction; oxytocin; aperiodic neural activity; ventral
prefrontal cortex
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Introduction
Oxytocin is a pituitary neuromodulator that influences social behaviors by facilitating

perception of social cues and by regulating valuation and motivational processes (Bartz
et al., 2011; De Dreu, 2012; Gangopadhyay et al., 2021; Grinevich & Stoop, 2018; Ma et

al., 2016; Piva & Chang, 2018; Shamay-Tsoory & Abu-Akel, 2016). Recent works have

focused on oxytocin’s ability to modulate mental state inferences and interpersonal
coordination (Arueti et al., 2013; De Coster et al., 2019; Domes et al., 2007; Levy,

Goldstein, Zagoory-Sharon, et al., 2016; Wu & Su, 2015), which led to the suggestion
that oxytocin might promote cognitive exploration of a conceptual space (de Boer et al.,

2017; De Dreu et al., 2014; Kapetaniou et al., 2021; Ye et al., 2017). However, it remains

unclear

how

this

slow-acting

neuromodulatory

hormone

influences

electrophysiological activities that implements cognitive exploration, which is often
required to achieve conceptual coordination during human communication.

Studies in human and non-human primates have explored electrophysiological

correlates of oxytocin administration, largely when other agents are perceived,
monitored, or involved in value-based decisions (de Bruijn et al., 2017; Festante et al.,
2020, 2021; Geenen et al., 1988; Levy et al., 2017; Levy, Goldstein, Influs, et al., 2016;

Liu et al., 2013; Luo et al., 2017; Mu et al., 2016; Perry et al., 2010; Ruissen & de Bruijn,

2015; Soriano et al., 2020; Wu et al., 2013; Wynn et al., 2019; Ye et al., 2017; Zhuang et

al., 2021). The present study uses magnetoencephalography (MEG) to explore

electrophysiological correlates of how oxytocin modulates human communicative

actions, a fundamental dimension of human social cognition largely ignored by previous
studies of the oxytocinergic system. We exploit the fact that human communicators
adjust their referential signals to the presumed characteristics and knowledge of the

addressee of those signals ("recipient design": Campisi & Özyürek, 2013; Clark &

Murphy, 1982; Fussell & Krauss, 1989; Galati & Brennan, 2010; Levinson, 2006;

Newman-Norlund et al., 2009; Tomasello, 2008; Toni & Stolk, 2019; Yoon & BrownSchmidt, 2014). Previous work has shown that oxytocin boosts participants’ recipient

design, driving them to adjust their communicative behavior to the actual level of
understanding experienced in the addressees, and away from their expectations of the
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addressees’ cognitive abilities (de Boer et al., 2017). Following this hypothesis, we
report a novel analysis of the dynamics of recipient design adjustment produced by
communicators, and investigate the electrophysiological mechanisms supporting
oxytocinergic effects on recipient design.

Previous studies have consistently shown the involvement of the temporal and ventral
prefrontal cortex in the right hemisphere during the production, comprehension, and
adjustment of communicative behaviors while adopting recipient design (Noordzij et

al., 2009, 2010; Stolk et al., 2015; Stolk, Verhagen, et al., 2013). Accordingly, we
reasoned that, if oxytocin modulates recipient design, then it is likely to happen by

upregulating the electrophysiological responses evoked by a communicative challenge
(Stolk et al., 2015; Stolk, Verhagen, et al., 2013). Furthermore, as shown in a previous

MEG study, selecting and understanding communicative actions evoked matched
broadband responses (30-250 Hz) in communicators and addressees (Stolk, Verhagen,
et al., 2013). In the last decade, accumulating evidence has pointed out that broadband

gamma electrophysiological activity is a mesoscopic correlate of action potentials and

dendritic currents in recurrent neural circuits, different in origin and functional
characteristics from narrowband oscillations (gamma: 60-80 Hz) evoked in superficial

cortical layers by feedforward processing of sensory stimuli (Bartoli et al., 2019; Bastos
et al., 2018; Buzsaki & Schomburg, 2015; Chaoul & Siegel, 2020; Donoghue et al., 2020;

Leszczyński et al., 2020; Manning et al., 2009; Miller et al., 2009, 2014; Pettersen et al.,
2014; Ray et al., 2008; Ray & Maunsell, 2011; Thivierge & Cisek, 2008; Touboul &

Destexhe, 2010; Voytek et al., 2015). Thus, in the current study, we carefully
differentiated periodic and aperiodic neural activity and tested their behavioral effects

on communicative adjustment modulated by oxytocin administration (Wen & Liu,
2016).

In sum, this study explored electrophysiological mechanisms supporting recipient

design adjustments, and the oxytocinergic modulation of those adjustments. After

receiving intranasal oxytocin or a placebo, electrophysiological activity was measured
with MEG while participants were engaged in live, non-verbal communicative

interactions between a communicator (the participant) and two presumed addressees
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(a confederate) (Tacit Communication Game, Figure 1; de Boer et al., 2017; NewmanNorlund et al., 2009; Stolk et al., 2013, 2015). We predicted that oxytocin regulates

recipient design through enhancement of broadband aperiodic neural responses in the
right temporo-frontal communication-related circuits.

Methods
Participants
Fifty-eight male participants (mean ± SD = 22 ± 3 years), naïve to the experimental task,
signed informed consent according to the study protocol approved by the local ethics

committee (Committee on Research Involving Human Subjects, Region Arnhem-

Nijmegen, the Netherlands; study protocol registration number 37419.091.11).

Assuming a medium-large effect size (Cohen’s d between .5 and .7) of oxytocin on
communicative behavior, a sample size between 26 and 49 in each of the two groups

(oxytocin and placebo) was deemed to provide adequate power (80%) to detect the
presence of an effect of the intervention, at a significance level of .05. The enrolled

participants were asked to refrain from caffeine, alcohol and/or cigarettes 24 hours
prior to the experiment and from food or drink (except water) 2 hours prior to the
experiment. Three participants were excluded during behavioral analysis (one

participant did not seem to understand the instructions of the task; one participant did

not believe our manipulation indexing communicative adjustment, one participant's
data acquisition failed. see de Boer et al., 2017), and four other participants were
excluded in the current report due to lack of neuroimaging data (two participants had

no MRI recording, one participant had no MEG recording and one participant had no
head-location recording. Supplementary 1). 24 participants in the oxytocin group and
27 participants in the placebo group remained in the final analyses.
Experimental Procedures and Pharmacological Application

The participants were randomly assigned to one of the two groups and double-blindly

received self-administered intranasal sprays of either 24 IU (three puffs per nostril,
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each with 4 IU) oxytocin (Syntocinon, Novartis, Basel, Switzerland) or placebo (sodium

chloride 8mg/ml and benzalkonium chloride .1mg/ml). The neuropeptide and saline

solution were prepared and stored by the pharmacy of the Radboud University Medical
Centre. After 45 minutes of the pharmacological administration, the participants sat

into the MEG scanner, adjusted themselves to a comfortable position, and then
practiced for three trials to get familiar with the game-controller and the measuring

environment. The MEG scanning preparation and experimental task lasted for about 30

minutes in total. Immediately afterwards, participants answered a questionnaire on the
characteristics of the addressees (Newman-Norlund et al., 2009) and a 7-point Likert

scale regarding their beliefs on the substance and dosage of the pharmacological
treatment they had received. Furthermore, we verified that the two groups consisted of

participants matched along study-relevant dimensions by measuring a number of
physiological and psychological indexes (de Boer et al., 2017; Radke et al., 2017;
Supplementary 2).

Experimental Task and Design
We used the Tacit Communicative Game (TCG) task to quantify communicative
behavior between a communicator (a participant) and an addressee (the confederate)

(de Ruiter et al., 2006, 2010; Newman-Norlund et al., 2009; Noordzij et al., 2009, 2010;

Stolk, Verhagen, et al., 2013; Stolk, Hunnius, et al., 2013; Stolk et al., 2015; de Boer et al.,
2017). While sitting in separate rooms, each communicator-addressee pair jointly
collected a target object (an acorn) from a location (one of the red-and-white circles) in
a Target-Field (one of the nine grids) on a digital 3-by-3 grid game board (Figure 1).

Only the communicator was aware of the target’s location, and only the addressee could
collect the target. The communicator could move a bird token on the game board with
a gamepad, in order to generate moving patterns that could be seen and interpreted by

the addressee as signals for the target location. However, the bird token could only

move to the center of each of the nine grids, and only through vertical or horizontal
displacements (see Figure 1A, “2. MOVEMENT”). Such moving restrictions of the bird

token required the communicator and the addressee to disambiguate one among
multiple potential target locations within a grid, based on movements of the bird token.

The addressee controlled a squirrel token with a computer mouse, could move freely
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on the game board and had direct access to any location when collecting the target (see
Figure 1B, “4. MOVEMENT”).

Figure 1. Time-course of a TCG trial. A) Communicator’s view. B) Addressee’s view. The TCG task
required two players to collect targets (acorns) jointly from the nine-grid (fields) game board. Using
MEG, we measured neural activity while participants played as communicators (in blue), following
administration of either oxytocin or placebo. A confederate sat in a separate room and played the
TCG as addressee (in green). Each trial is consisted of six successive epochs illustrated with the time
line of the figure. The trial starts with a blank game board visible to both players (3 secs, 0. BASELINE).
Afterward, a bird appears on both players’ screens, whereas the acorn is only visible on the
communicator’s screen. Meanwhile, the communicator plans how to solve the trial (A1. PLANNING).
Next, the communicator needs to indicate to the addressee the location of the acorn on the game
board, and that can only be achieved by moving the bird. Namely, only the communicator can move
the bird, vertically and horizontally, from the center of one field to the center of another adjacent
field (A2. MOVEMENT). The bird cannot be overlaid on the red circle containing the acorn. Therefore,
in those fields with multiple potential locations of the acorn (red-and-white circles), the communicator
needs to generate a moving pattern of the bird that is visible and understood by the addressee to
disambiguate the relevant circle. In the example above, the communicator signals the relevant field
to the addressee by holding the bird there for longer (Time on Target-Field) than the time spent on
other fields of the board. Furthermore, the communicator would try to mark the relevant circle, e.g.
by entering and exiting the field with the acorn from above, intersecting the relevant circle in the
process. In the subsequent epoch, the bird disappears and a squirrel becomes visible to both players.
The communicator waits for the addressee’s response (A3. WAIT). Only the addressee can move the
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squirrel, anywhere on the game board. After interpreting the referential motion pattern of the bird
made by the communicator, the addressee indicates the inferred location of the acorn by moving the
squirrel onto a circle. The communicator can see the movement of squirrel (A4. OBSERVATION). The
trial ends with feedback shown to both players (5. FEEDBACK).

Previous works have shown that, in this experimental setup,

communicators

spontaneously generate communicatively specific adjustments towards younger
presumed addressees, in line with similar observations obtained during language use
(Brand et al., 2002; Brodsky & Edelman, 2007; Grieser & Kuhl, 1988; Newman-Norlund

et al., 2009; O’Neill et al., 2005; Stolk et al., 2015; Stolk, Hunnius, et al., 2013; Warren-

Leubecker & Bohannon, 1984). Building on those observations, we informed the
participants that they would complete the TCG task with two addressees, an Adult and

a Child, sitting in separate rooms with their own monitors to watch the communicator’s
token moving on the game board. The task contained 50 trials that were distributed

into five Adult blocks and five Child blocks. Each block consisted of five consecutive
trials in which the communicator interacted with the same presumed addressee (either

Adult or Child). In reality, one confederate performed as addressee without knowing
the roles of Adult and Child, resulting in statistically matched addressee’s performance

between Adult and Child (Supplementary 2). Therefore, the two types of blocks differed
only in terms of the communicator’s expectations about the presumed addressees’

abilities to interpret the referential signals. Each participant randomly started with
either an Adult or a Child block, and then alternately switched between the two types

of blocks. Each participant was informed about the addressee’s identity by a picture of

an adult or a child, which was displayed at the center of the screen for 5 seconds at the

beginning of each block and in the top-right of the screen throughout the block of five

trials (Figure 2A).
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Figure 2. Time-course of the experiment and quantification of communicative adjustment. A) Each
communicator (participant) plays 50 trials, organized in ten blocks of five trials. A child and an adult
alternated as presumed addressees between each block. In each block, the communicator (the
participant) is informed about the identity of the presumed addressee by means of a photo shown at
the beginning of each block and next to the game board throughout the trials. Unbeknownst to the
communicator, a confederate played both presumed addressees without knowing the presumed
addressee’s identity. B) This experimental setup quantifies recipient design, with communicators
spending a longer time on the field containing the acorn (Time on Target-Field, see Figure 1) when
they believe to be playing with the child than with the adult presumed addressee, despite matched
performance of the confederate playing those two roles. We quantify recipient design with a dynamic
index, Communicative Adjustment (CA), namely, a block-by-block Time on Target-Field difference,
positive when the average Time on Target-Field towards a child addressee was longer than the
corresponding average in the preceding block with an adult addressee and negative when the average
Time on Target-Field decreased during Adult-to-Child block transitions. The inverse block transitions
(Child-to-Adult) were indexed with an inverse CA sign.

Indexing Dynamics of Communicative Adjustment
This experiment builds on several studies showing that the time spent by

communicators on a communicatively relevant referent provides a quantitative index
of recipient design, in both laboratory and naturalistic contexts (Sacks et al., 1978;
Newman-Norlund et al., 2009; Noordzij et al., 2009, 2010; Stolk, Hunnius, et al., 2013;

Stolk, Verhagen, et al., 2013; Stolk et al., 2015; de Boer et al., 2017; Murillo Oosterwijk
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et al., 2017; Liu et al., 2019). Following previous studies using this experimental setup,

we labeled the time spent by communicators on the relevant referent as Time on
Target-Field, i.e. the time interval between the bird token entering and leaving the

Target-Field (Newman-Norlund et al., 2009; Stolk, Hunnius, et al., 2013; Stolk,
Verhagen, et al., 2013; Stolk et al., 2015; de Boer et al., 2017). In case the Target-Field

was visited multiple times within a trial, then we conservatively averaged the intervals

on Target-Field (Figure 1A, “2. MOVEMENT”). In a previous analysis of the same

behavioral data considered here, De Boer et al. (2017) quantified recipient design as

the difference between the time communicators spent on Target-Field when interacting

with a presumed Adult or Child addressee. In that study, it was shown that, in contrast
to the placebo group, participants receiving oxytocin did not differentiate between the

two presumed Addressees (as indexed by the Time on Target-Field averaged across

trials). Here, differently from the previous analysis, we focused on new indices of
recipient design that capture the dynamics of communicative adjustment towards the

two presumed addressees. We considered a previously ignored feature of the
experimental design, namely the difference between the Time on Target-Field of
successive experimental blocks, when communicators interacted with different

presumed addressees (Figure 2A). Building on the a priori knowledge that

communicators spend longer Time on Target-Field when believing they are interacting
with a presumed Child addressee than an Adult addressee, we considered a lengthened

Time on Target-Field for a Child-addressee block compared to the previous Adult-

addressee block as positive communicative adjustment, and a shortened Time on

Target-field for a Child-addressee block compared to the previous Adult-addressee
block as negative communicative adjustment (Figure 2B). Formally, we defined
Communicative Adjustment [CA(t); eq. 1] as the absolute local difference of averaged

Time on Target-Field (avgT) between two successive blocks (blockt+1 and blockt)
multiplied by a step function D(t) indicating the direction of addressee transitions (“+1”
for Adult-to-Child transitions and “-1” for Child-to-Adult transitions).
𝐶𝐶𝐶𝐶(𝑡𝑡) = |𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎(𝑡𝑡 + 1) – 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎(𝑡𝑡)| × 𝐷𝐷(𝑡𝑡)
+1
−1

where, {𝑡𝑡|𝑡𝑡 ≤ 9, 𝑡𝑡𝑡𝑡𝑍𝑍 + } 𝑎𝑎𝑎𝑎𝑎𝑎 𝐷𝐷(𝑡𝑡) = �
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(eq. 1)
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We reasoned that the sensitivity of CA(t) to local differences in Time on Target-Field

makes CA(t) potentially sensitive to other factors changing differently across blocks but

not directly related to recipient design, e.g. procedural learning effects in producing
movements of the bird token. We considered planning time as a conservative index of

the block-by-block changes in behavior due to procedural learning effects, conservative

because planning time might also be influenced by recipient design and communicative

difficulty effects. Therefore, the Time on Target-Field data used in computing CA(t)

were residualized against the time spent planning the motor response in the
corresponding trials.

The overall statistical model used to quantify influences of oxytocin on recipient design

as indexed by CA(t) was a 2 (Treatment: Oxytocin or Placebo) * 9 (block-wise

Addressees Transition within each participant) mixed factorial design. Furthermore,

we implemented a number of control analyses. First, we tested whether the average
CA(t) across block transitions confirmed the findings obtained in de Boer et al., (2017),

assessing the presence of a recipient design effect in the placebo group but not in the
oxytocin group with an independent-samples t-test. Second, we tested whether the two

experimental groups had similar communicative adjustments at the onset of the
experiment, i.e. whether the CA(t) measured in the first block of the experiment showed
the presence of a positive recipient design effect in both placebo and oxytocin groups,

using an independent-samples t-test. Third, we tested whether CA(t) between blocks

variability changed in the course of the experiment differently for the oxytocin and the

placebo groups. This hypothesis was assessed by considering the within-subject CA(t)

standard deviation during the first- and second-half of the experiment (1st to 4th and 6th

to 9th block transitions), in a 2 (Treatment: oxytocin, placebo) × 2 (Time: first-half,

second-half) mixed-factorial ANOVA. The statistical inferences were conducted with

stats, a build-in package of R (Bolar, 2019; R Core Team, 2009). Besides the half-split

within-subject variance of CA(t), we also quantified point-by-point changing rate of

CA(t) time course (see Supplementary 5 for further analyses and results). Following a

previous study (Stolk et al., 2015), we formulated the post-error communicative

adjustment as the difference of Time on Target-field between the trial after an

unsuccessful communication and the preceding trial, normalized by the sum of Time on
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Target-field of the two trials. We considered this parameter as an index of overall
communicative motivation.

MEG and MRI Data Acquisition
Participants’ electrical brain activity during task performance was recorded with a

whole-head CTF system with 275 axial gradiometers (VSM Med Tech, 1200 Hz sampling
rate, 300 Hz low-pass filter). The communicator’s head position relative to the MEG

sensor array was continuously monitored using localization coils attached to the
anatomical landmarks, i.e., the nasion and left and right ear canals (Stolk, Todorovic, et

al., 2013). High-resolution T1-weighted images were obtained with a single-shot
MPRAGE sequence with a Siemens Avanto 1.5 T scanner (176 sagittal slices, TR = 1730
msec, TE = 2.95 msec, flip angle = 7°, voxel size = 1×1×1 mm3, FOV = 256×256 mm2).

During anatomical scanning, the communicator wore a pair of vitamin-E ear capsules

at the same locations of the MEG fiducial coils, allowing for co-registration of MRI
images and MEG sensors for source reconstruction.
MEG data analysis

The MEG data were analyzed using the FieldTrip toolbox (Oostenveld et al., 2010) with
customized MATLAB R2016b (MathWorks, Natick, MA, USA) analysis scripts.

Preprocessing. The raw MEG data were high-pass filtered (> 1 Hz) to remove low-

frequency noise and segmented into trials, from 2 secs before presentation of the target
stimuli until disappearance of the feedback stimuli (To avoid potential residual effects
from the previous trial, we did not consider the first second at the beginning of each
trial. Figure 1A). Each trial was demeaned to the time window of 0.2 secs right before

stimulus-onset for controlling the leakage of non-zero DC component. A Discrete

Fourier Transform (DFT) filter was applied to minimize 50 Hz Line-noise and its
harmonics of 100, 150, 200 and 250 Hz.

Source reconstruction and aperiodic spectral analysis. For each participant, we

estimated aperiodic source power by combining a Partial Canonical Correlation

adaptive beamformer (PCC, Gross et al., 2001; Schoffelen et al., 2008) and Irregular
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Resampling Auto-Spectral Analysis (IRASA, Wen & Liu, 2016). There were three major

steps. First, we computed normalized lead field matrices with participant-specific
volume conductors and source models (Schoffelen et al., 2008). More precisely, the
individual anatomical MRIs were co-registered to the CTF coordinates system and then

segmented (with 5 mm smoothing and 0.5 threshold) for constructing volume

conductors using a single-shell model of the brain surface (Nolte, 2003). The source
model was constructed by linearly transforming a 3D template grid (with 10 mm

resolution, leading to 2982 dipole locations inside the brain compartment) in MNI
coordinates into the participant-specific coordinates based on the individual MRIs. The

inverse of the transformation positioned the grid points across participants at identical

locations in normalized MNI space. Second, we reconstructed time series of interest at

each source dipole position. To this end, we first segmented the preprocessed trials of
data into 500 msec time series, and then computed the Cross-Spectral Density (CSD)
matrix between all MEG sensor pairs with Fourier transforms of the time series
between 0 and 300 Hz. With the balanced length of time series between the two

treatment groups, we computed spatial filters at each grid dipole location inside the
brain (as well as one location for each eye and one location in between, Supplementary

3) for each frequency independently. The Fourier transformed MEG data at each
location were then passed through the corresponding spatial filter. The products were

then projected onto the dipole direction of maximal power, given the singular value
decomposition (SVD) to the real part of the CSD. In order to increase sensitivity towards
state-related effects known to be evoked by the communicative demands of the TCG

task in temporal-prefrontal circuits (Stolk, Verhagen, et al., 2013), we focus the analysis

on the epoch from 2 secs before stimulus presentation until the onset of the
communicator response (Figure 1A). Thus, we reconstructed the source-level time

series of these epochs by inversely transforming the real part of the estimated maximal
dipole moment back to the time-domain. Third, we use IRASA to differentiate aperiodic

from periodic components in the reconstructed signals. This method resamples the

MEG signal in time, such that periodic components are symmetrically redistributed
beside its original location in the power spectra after Fourier transformation. IRASA

takes the median of the resample pairs as an estimate of the aperiodic component. We

avoided effects of large amplitude low-frequency signals on IRASA performance
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(Donoghue et al., 2020) by focusing on the 30-150 Hz frequency range (Bartoli et al.,

2019; Manning et al., 2009; Ray et al., 2008; Ray & Maunsell, 2011), previously shown

to be involved in interpersonal referential communication (Stolk, Verhagen, et al.,
2013).

Statistical inference on MEG effects of oxytocin intervention. We implemented three

nested analyses. First, we implemented a whole-brain analysis over 30-150 Hz
averaged aperiodic source power, contrasting the oxytocin and placebo groups at each
dipole location throughout the brain, making inferences corrected for multiplecomparisons using non-parametric cluster-based permutation tests with cluster-

forming threshold α = .05, two-tailed and 1000 Monte Carlo runs (Maris & Oostenveld,

2007). Effects of intra-subject variance of head translations and rotations, as well as

effects of head size, were removed from the data through a multiple regression analysis

considering four principle components that explained more than 98% variance in those
confounds. We verified oxytocinergic effects on averaged broadband aperiodic power

at the two local maxima identified in the first analysis, located in the anterior temporal
cortex and in the ventral prefrontal cortex, after removing further potential confounds

of eye-movements by regressing out estimates of those movements (Supplementary 3).

Second, at each local maximum, we tested whether the oxytocin-related effect identified

in the first analysis was a manifestation of broadband or band-limited increases in

aperiodic power. Accordingly, we contrasted between-group differences in aperiodic

activity over 103 frequency bins over the 30-150 Hz range through one-tailed

independent-samples t tests (α = .05 uncorrected for multi-comparisons to privilege

sensitivity in this particular analysis). Third, we explored the task-related dynamics of

the broadband oxytocin-related effect identified in the first analysis. At each local

maximum as mentioned above, we extracted aperiodic power (averaged over the 30-

150 Hz) for each experimental block in each participant, contrasting the effects between
the oxytocin and placebo groups.

Statistical inference on brain-behavior relations. We examined whether, in the ventral

prefrontal cluster showing a main effect of oxytocin intervention, the averaged
broadband aperiodic power was related to the degree of Communicative Adjustment
73

Chapter 3: Oxytocin facilitates communicative adjustment

(CA) across participants. We used a linear mixed-effects model, with three fixed effects:
the pharmacological treatment (Treatment: Oxytocin or Placebo), aperiodic power

averaged over 30 ~ 150 Hz (Neural Activity), and the interaction between the two

factors. We included Participant as the grouping variable and considered three random
effects: the random intercept of Participant, the random slope of Transitions (i.e. the

block-wise Addressees Transition within each participant, see Indexing Dynamics of

Communicative Adjustment), and their interaction; and potential confounding factors
(PCs, see eq. 2).

𝐶𝐶𝐶𝐶 ~ 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 ∗ 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 + (1 + 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇|𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃) + 𝑃𝑃𝑃𝑃𝑃𝑃

(eq. 2)

To verify the spatial and spectral specificity of the brain-behavior correlation identified

in the ventral prefrontal cortex, we implemented post-hoc control analyses over

rhythmic power from control regions in middle occipital cortex (8-12 Hz, Jensen &

Mazaheri, 2010; Klimesch, 2012; Zhigalov & Jensen, 2020), posterior parietal cortex (8-

12 Hz and 15-25 Hz, Brinkman et al., 2014; Haegens et al., 2011; Stolk et al., 2019), and

ventral prefrontal cortex (30-60 Hz, Bartoli et al., 2019; Manning et al., 2009; Ray et al.,

2008; Ray & Maunsell, 2011) (Supplementary 4). The model was fitted with lme4 (Bates

et al., 2015); and the post-hoc comparisons were conducted with emmeans (Lenth et al.,
2021). The p-values were computed by t test with Kenward-Roger approximation for

denominator degrees of freedom (Halekoh & Højsgaard, 2014) for degrees of freedom.

Results
Oxytocin Facilitates Updating of Recipient Design
Here, differently from de Boer et al. (2017), we investigated the temporal dynamics of
how communicators adjusted their referential signals towards the presumed different

addressees. First, we verified that the novel CA index used in this study, when averaged

across addressees’ transitions, reproduced one of the main findings reported in (de
Boer et al., 2017). Namely, that study found that the placebo group spent a longer time

than the oxytocin group holding their token on the Target-field when they believed to
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be communicating with a Child than with an Adult Addressee. Accordingly, we found
that communicators who received placebo intranasal sprays revealed a significantly
greater CA averaged across all addressee transitions than those who received oxytocin

(t49 = 1.92, p = .031, Cohen’s d = .54; Figure 3A). The averaged CA was significantly

higher than zero for the placebo group (mean = 78 msec, t26 = 2.21, p = .018, Cohen’s d

= .43), but not for oxytocin group (mean = -13 msec, t23 = -.42, p = .661). Second, we

verified that, in the first transition between addressee blocks in the experiment, the two

experimental groups started the experiment with comparable CA(1) (t49 = .05, p = .963,
Figure 3B). All communicators showed a positive communicative adjustment (CA(1):

mean = 97 msec, t50 = 2.21, p = .022, Cohen’s d = .29). These results confirm that, at the
onset of the experiment, communicators put additional emphasis on their

communicative signals when targeting addressees whom they believe to be less

cognitively capable.

One of the main findings of this study is that, over the course of the experiment, the
oxytocin group produced a different CA(t) temporal profile than the placebo group

(Figure 3C; see Supplementary 5 for individual data). In the oxytocin group, CA(t)

fluctuated around zero. In the placebo group, there was no clear convergence.
Specifically, differently from the placebo group, communicators in the oxytocin group

significantly reduced their block-by-block variability in communicative adjustments

(Figure 3D; F1,49 = 7.38, p = .009, ω2 = .04). More precisely, the standard deviation of

CA(t) in the oxytocin group dropped in the second-half of the experiment (t23 = -3.43, p

= .001, Cohen’s d = .70), whereas that of the placebo group remained at the same level
across first- and second-half (t26 = .20, p = .578). These observations indicated that, in

contrast to the placebo group, the oxytocin group was stabilizing the level of CA(t) over
the experiment (see Supplementary 5 for further analyses on changing rate of

communicative adjustment).

75

Chapter 3: Oxytocin facilitates communicative adjustment

Figure 3. Communicative adjustment behavior. A) Averaged over the whole experiment, the placebo
group (in blue) showed a positive Communicative Adjustment (CA), larger than the near-zero CA of
the oxytocin group (in red). The curved areas illustrate kernel density estimates of data distribution in
each group. Each red dot or blue square is single participant data. The black dots represent the group
mean, the black boxes indicate the interquartile range (IQR), and the whiskers are maximum and
minimum with 1.5 IQR. B) For the first block transition, the two treatment groups had comparable
positive CA values. C) The CA dynamics of the two groups. Filled red dots and blue squares for oxytocin
and placebo groups respectively, represent the averaged CAs over each addressee transition. D) The
within-subject variability in CA dynamics differed between the two groups, decreasing in the oxytocin
group between the first and the second half of the experiment, but not in the placebo group. Error
bars: standard errors of the mean. **: p < .01; *: p < .05; n.s.: not significant.

Moreover, we verified that the two treatment groups showed matched Time on TargetField in the first block (Welch’s t35 = 1.92, p = .06, Levene’s test of variances equality: F1
= 5.85, p = .02). Thus, the effects reported above could not be attributed to responding

bias or heterogeneity of the initial level of recipient design of the communicators. The
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effects on the CA(t) could not attributed to the possibility that oxytocin reduced

participants’ communicative motivation, as the oxytocin group revealed a positive post-

error communicative adjustment, i.e. they lengthened the Time on Target-field after an
unsuccessful trial (t23 = 2.64, p = .007 , Cohens’ d = .54), which was significantly higher

(t49 = 1.94, p = .029, Cohens’ d = .54) than that of the placebo group showing no

difference from zero (t26 = .17, p = .433). Further control analyses ruled out the

possibility that the between-groups differences in CA(t) could be driven by

confederate’s reaction time, joint error rate, or communicator’s total moving time, time

on non-target-field and movement steps (Supplementary 2). As reported previously (de
Boer et al., 2017), we did not observe any between-group differences in a number of

physiological and psychological indexes (e.g. cortisol, testosterone and social traits) or

beliefs about the psychopharmacological operation (Supplementary 2). Neither did we

found evidence that the participants did not believe to be playing with a child and an
adult partner (Supplementary 2). Taken together, these observations indicate that, over

the course of the experiment, the oxytocin group converged in spending comparable

time on the Target-Field for the two addressees and across subsequent blocks of trials.
In contrast, the placebo group continued to spend more time on the Target-Field when

addressing a child, with substantial between-blocks variability in performance even by

the end of the experiment.

Oxytocin tonically upregulates aperiodic broadband power in the right ventral
prefrontal cortex
Participants receiving oxytocin showed stronger broadband (30-150 Hz) aperiodic

power in a right-lateralized cluster spanning ventral prefrontal cortex (vPFC) and

anterior temporal (TP), with two corresponding local maxima (Oxytocin > Placebo at
vPFC: t49 = 2.41, p = 0.018; TP: t49 = 2.43, p = .024); and weaker power than the placebo

group in the right posterior parietal cortex (Oxytocin < Placebo at PPC: t49 = -2.26, p =

.028, Figure 4A). The oxytocin-related effects on averaged aperiodic power in vPFC (t49
= 2.22, p = .021) and PPC (t49 = -2.13, p = .031), but not TP, persisted after regressing

out individual variances of eye-movement noise, head position, and head size.
Moreover, the oxytocin-related effects in vPFC and PPC could not be explained by

narrowband increases in aperiodic power (extending from 44 to 150 Hz and from 30 to
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150 Hz respectively, Figure 4B). Exploration of the task-related dynamics of the
oxytocin-related vPFC effect indicated a sustained difference between groups across

the ten experimental blocks (minimum t: t49 = 1.81, p = 0.043, Figure 4B), but not in PPC

(minimum t: t49 = -1.54, p = 0.077). In sum, these results indicate that exogenous

oxytocin induced a tonic upregulation of aperiodic broadband power in ventral
prefrontal cortex.

The upregulation of aperiodic broadband power supports oxytocinergic
modulation of recipient design
We asked whether the magnitude of broadband aperiodic power in vPFC was related
to the magnitude of communicative adjustment. Besides a main effect of broadband
aperiodic power on CA (t403.84 = 2.73, p = .007, Estimate(SE) = .15(.06), 95% CI = [.04,

.26], Figure 4C), and a supra-threshold effect of treatment (t49.09 = 1.78, p = .081,

Estimate(SE) = .22(.06), 95% CI = [-.03, .46]), there was a significant interaction
between treatment and broadband aperiodic power on CA (t432.96 = -2.70, p = .007,

Estimate(SE) = -.28(.10), 95% CI = [-.48, -.08], Figure 4B). The interaction indicates that

oxytocin modulated the effect of broadband aperiodic power on communicative
adjustment. Stronger broadband aperiodic power in vPFC was associated with stronger
communicative adjustments for those participants who received oxytocin intranasal

spray (t404 = 2.73, p = .007, Estimate(SE) = .15(.06), 95% CI = [.04, .26]). This effect was
not significant for those participants who received placebo (t432 = -1.46, p = .146,

Estimate(SE) = -.13(.09), 95% CI = [-.30, .04]). Post-hoc control analyses verified the

spatial and spectral specificity of the brain-behavior correlation identified in the ventral
prefrontal cortex. We did not observe similar behavioral consequences when

considering low-gamma rhythmic activity (30-60 Hz) in vPFC and PPC, nor alpha (8-12

Hz) or beta (15-25 Hz) rhythmic power in PPC, and alpha power in middle occipital

cortex, respectively (Supplementary 4). In sum, these results indicate that the tonic

oxytocin-related upregulation of aperiodic broadband power in ventral prefrontal
cortex leads to behavioral consequences, as indexed by a dynamic metric of recipient
design (CA(t)).
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Figure 4. Electrophysiological consequences of oxytocin administration during communicative
performance. A) Spatial distribution of oxytocin-related changes in aperiodic broadband power
(averaged over 30-150 Hz) with local maxima in right ventral prefrontal cortex (vPFC), temporal pole
(TP) and posterior parietal cortex (PPC). B) Spectral (on the right) and temporal (on the left) profile of
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the vPFC effect (mean ± SEM, grey area indicates frequencies and time points where oxytocin and
placebo groups are statistically different, p < .05 uncorrected for multiple comparisons over
frequencies and time points). Insets show spectrally averaged effects and data distributions, using the
same conventions as in Figure 3. C) Oxytocin-related changes in vPFC aperiodic broadband power
account for inter-participant variation in Communicative Adjustment. The upper grey panels indicate
estimates of the fixed coefficients β1~3 relative to the effects specified in the legend. Error bars: 95%
CI of the mean. ***: p < .001; **: p < .01; *: p < .05.

Discussion
Every-day human communication requires more than habitual responses to salient

social stimuli (e.g. the face of an in-group member). Interlocutors accommodate to each

other using recipient design (Clark & Murphy, 1982; Levinson, 2006; Tomasello, 2008).

Oxytocin has been found to modulate recipient design by promoting cognitive
exploration (de Boer et al., 2017; Ye et al., 2017). Here, we report behavioral and

electrophysiological correlates of such oxytocinergic effect on human communicators.

Behaviorally, oxytocin administration led participants to progressively adapt more

effectively than the placebo group to the communicative behavior of the addressees.
Electrophysiologically, oxytocin administration induced stronger broadband aperiodic

power in the right ventral prefrontal cortex, pointing to increased synaptic activity

(Bartoli et al., 2019; Leszczyński et al., 2020; Manning et al., 2009; Miller et al., 2014;

Ray & Maunsell, 2011). Broadband aperiodic power in the ventral prefrontal cortex was
positively correlated with the magnitude of communicative adjustment in the oxytocin

group, but not in the placebo group. These findings qualify how oxytocin modulates

recipient design, and suggest a neurophysiological mechanism supporting that

modulation. Oxytocin adaptively regulates recipient design by boosting explorative
adjustments during early stages of the interaction, then reducing those adjustments to

match the actual demands of the communicative interaction. Correspondingly, oxytocin
upregulates state-related activity in a cortical region known to guide communicative
behavior by updating knowledge about an interlocutor (Stolk et al., 2015).

Oxytocin Modulates Dynamics of Recipient Design
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By using a new behavioral measure, Communicative Adjustment (CA(t)), we could
quantify the fine-grained dynamics of recipient design adjustment to the child and adult

presumed addressees. One of the main findings of this study is that oxytocin

administration led to larger within-subject variation of CA(t) in the first half of the

experiment, followed by a reduction of CA(t) variation in the second half of the
experiment. This observation suggests that, in the initial stages of the communicative
interaction, oxytocin increased exploration of different adjustments to the two

presumed addressees, followed by a convergence of the communicative adjustments

directed to those addressees. It is known that communicators spontaneously integrate

prior knowledge about their interlocutor with the ongoing communicative experience
(Brennan et al., 2010; Clark & Krych, 2004; Hawkins et al., 2021; Kuhlen et al., 2012;

Kuhlen & Brennan, 2010; Zhang et al., 2021). The behavioral finding of this study
illustrates how oxytocin enhances that integration and facilitates the implementation
of the Gricean Maxim of Quantity, namely producing utterances that convey no more

information than necessary (Blokpoel et al., 2012; Brennan & Clark, 1996; de Ruiter et

al., 2010; Galati & Brennan, 2010; Garrod & Anderson, 1987; Grice, 1975; Levinson,
2000; Liu et al., 2019; Yoon & Brown-Schmidt, 2018). More generally, the finding

supports the notion that oxytocin promotes exploration not only of other social agents
(e.g. in-group members), but also of the conceptual space supporting social interactions
(de Boer et al., 2017; Ye et al., 2017).

Collateral findings from control analyses rule out a number of alternative

interpretations. At the beginning of the experiment, participants from both oxytocin

and placebo groups revealed a positive communicative adjustment, an indication that

oxytocin did not modify participants’ initial belief of interacting with addressees of

differing communicative abilities. It could be argued that oxytocin reduced participants’
prosocial motivation (De Dreu, 2012; De Dreu et al., 2011; Declerck et al., 2020;
Hurlemann & Marsh, 2017; Luo et al., 2017; Muroy et al., 2016; Nave et al., 2015). That
possibility is not compatible with the observation that the oxytocin group showed

larger post-error communicative adjustments than the placebo group. Other control

analyses rule out the possibility that the differential dynamics of communicative
adjustments in the oxytocin and placebo groups resulted from between-group
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differences in social-cognitive traits (e.g. social anxiety and empathy), endogenous

hormone level (cortisol and testosterone), or evaluation of the addressees’ abilities.

Furthermore, the effect of oxytocin was specific to communicative components of the
participants’ behavior, being absent from instrumental components of the movement
(e.g. time on non-target-field, Supplementary 2).

Oxytocin Modulates State-related Ventral Prefrontal Activity
We observed that oxytocin induced persistently stronger aperiodic activity in vPFC,

over a broad spectral (30-150 Hz) and temporal range (throughout all experimental

blocks). It has been argued that aperiodic power reflects action potentials of a neuronal

ensemble, contributing to frequencies all over the spectrum (broadband effect),
possibly leading to changes in cortical state (Bartoli et al., 2019; Bastos et al., 2018;

Buzsaki & Schomburg, 2015; Leszczyński et al., 2020; Manning et al., 2009; Miller et al.,

2009, 2014; Pettersen et al., 2014; Ray et al., 2008; Ray & Maunsell, 2011; Thivierge &

Cisek, 2008; Voytek et al., 2015). Furthermore, oxytocin administration in acute rat

hippocampal slices leads to upregulation of fast-spiking interneurons and increases

fidelity of spike transmission (Owen et al., 2013). This neurophysiological mechanism
could increase signal-to-noise in neuronal ensembles responsible for sensing and

integrating social information, leading to increased broadband aperiodic power
(Gangopadhyay et al., 2021). The long-lasting oxytocinergic effect on aperiodic power

might be related to the relatively long half-life and slow degradation of this
neuropeptide (Bartz et al., 2010; Ludwig & Leng, 2006), although it remains to be seen

whether similar effects can be evoked by endogenous oxytocin release triggering both
synaptic and non-synaptic events, such as dendritic calcium spikes that profoundly
contributes to the MEG signal (Brown et al., 2020; Buzsáki et al., 2012; Ludwig & Leng,
2006).

It is known that lesion of the medial aspect of vPFC impairs recipient design, as indexed

by communicators’ ability to tune their communicative actions to prior knowledge and
ongoing behaviors of an addressee (Stolk et al., 2015). Furthermore, vPFC is known to

support mental state inference and trait attribution (Frith & Frith, 2003, 2006; Gallotti

& Frith, 2013; Van Overwalle, 2011; Van Overwalle & Baetens, 2009), as well as to
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construct and update associations between stimuli and (social) contextual frames
(Bertossi et al., 2016; Krueger et al., 2009; Spalding et al., 2015; Zink et al., 2008). Here,

we extend that knowledge by showing that the contribution of vPFC to recipient design
is proportional to the oxytocinergic upregulation of broadband aperiodic activity.
Accordingly, the current finding emphasizes the importance of oxytocinergic tone in

vPFC for dynamically integrating prior knowledge with on-going communicative

experience. Given the presence of oxytocin receptors in the post-orbital gyrus in human

brain (Boccia et al., 2013), it is possible that oxytocin regulates recipient design via a
direct impact on vPFC neural activity. However, oxytocin effects are also mediated

through other neurotransmitter systems, such as the dopaminergic and the

serotoninergic systems, influencing several prefrontal-amygdala circuits (Froemke &

Young, 2021; Gangopadhyay et al., 2021; Love, 2014; Ma et al., 2016; Martins,

Dipasquale, et al., 2021; Quintana, Rokicki, et al., 2019; Sripada et al., 2013; Striepens et
al., 2014). Future studies might differentiate these potential mechanisms with high-

precision M/EEG (Seeber et al., 2019; Tzovara et al., 2019) and newly developed

algorithms for source reconstruction (Krishnaswamy et al., 2017; Pizzo et al., 2019) that
are able to disentangle activities from deeper limbic structures.

It is known that the vPFC region is particularly vulnerable to non-neural contributions

to the MEG signal (Carl et al., 2012). It might be argued that the between-group

differences in MEG signal are partially due to systematic between-group differences in

participants’ head size, position, or motion during the task. However, there were no
major systematic differences in those parameters between groups, and the analytical

procedures removed contributions of those parameters from the neural signals
(Supplementary 3). Furthermore, despite the lack of gaze-related data due to testing

time constraints, we estimated MEG consequences of eye movements by source-

reconstructing ocular muscles signals (Supplementary 3) and removed it from intersubject variance with linear regression. This approach offered a relatively stringent

control against eye movement confounds, at the cost of reduced sensitivity to taskrelated effects. For instance, this control analysis largely removed the oxytocin-related

effect on aperiodic power observed in the right temporal pole, leaving only an effect at
high frequency (>120 Hz, Supplementary 3).
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The MEG analyses focused on effects spanning several seconds, from two seconds
before trial onset until the start of the communicator’s response. It might be argued that

this choice misses the opportunity to take advantage of the high temporal resolution of

MEG. In fact, this study uses the temporal resolution of MEG to estimate the spectral

distribution of neural effects evoked by the experimental interventions. We chose to

extract those estimates from a relatively long temporal window because oxytocin
administration and referential communication are both known to evoke state-related

effects (Bethlehem et al., 2013; Ludwig & Leng, 2006; Stolk, Verhagen, et al., 2013).

However, to ensure a fair comparison between the oxytocin and placebo groups, the

spatial filter for source reconstruction was computed using matched lengths of data
based on all trial epochs (Supplementary 3).

Conclusion
Our findings indicate that oxytocin leads to faster recipient design, pushing participants
to consider recent communicative history and downweigh their expectations about the
abilities of a child vs. adult addressee. The findings support the notion that oxytocin
promotes exploration of the conceptual space supporting communicative interactions

(de Boer et al., 2017; Ye et al., 2017). This study opens the way to test whether the staterelated oxytocinergic upregulation of vPFC aperiodic power provides a general

mechanism supporting communication during multimodal linguistic face-to-face

interactions (Holler & Levinson, 2019; Levinson, 2006).
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Supplementary 1: Recruitment and data quality control
The recruitment rate prevented us from completing the full planned sample (40 in each
group) given the time and resources available for data collection of this study (Figure
S1). Eighty-nine participants in total were assessed for eligibility, 31 out of them were

excluded in the enrolment phase for not meeting the inclusion criteria or because no
suitable time slots for testing were available. All the participants matched the following

criteria: 1) aged between 18 and 35; 2) right-handed; 3) no metal in their body; 4) no

claustrophobia; 5) no psychiatric, endocrine, or neurological disorders; 6) no use of
medicine (except for normal use of paracetamol), experience in other pharmacological

studies or blood donation within the last two months; 7) no use of drugs, alcohol or
more than five cigarettes per day; and 8) no working at night (> 3 days per month) or

intercontinental flights. During the analysis phase, three participants were excluded in
the behavioral analysis (one participant did not seem to understand the instructions of
the task; one participant did not believe our manipulation indexing communicative

adjustment, one participant’s data acquisition failed.) (de Boer et al., 2017). Four other

participants were excluded in the current report due to lack of neuroimaging data (two

participants had no MRI recording, one participant had no MEG recording and one
participant had no head-location recording). 24 participants in the oxytocin group and
27 participants in the placebo group remained in the final analysis.
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Figure S1. Consort flow diagram.
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Supplementary 2: Control analyses on behavioral,
physiological, and psychological confounding factors
Homogeneity between oxytocin and placebo groups with respect to the levels of
steroid hormones, social traits, and beliefs about the psychopharmacological
manipulation.
First, to measure cortisol and testosterone levels, we collected salivary samples at three
time points (i.e. before, 15 minutes after, and 100 minutes after pharmacological

administration, with salicaps, Immuno-Biological Laboratories GmbH, Hamburg,
Germany). We considered the concentration for each hormone averaged over the three

time points. Specifically, the samples were stored at -25° and analyzed in duplicate for
both cortisol and testosterone. Hormone concentration was measured using
luminescence Immunoassays (Immuno-Biological Laboratories GmbH, Hamburg,
Germany). The intra-assay and inter-assay coefficients of variation were less than 4%

for cortisol, and 0-2% and 5-9% for testosterone, respectively. Second, immediately

after the pharmacological administration, we gave participants a list of self-report

questionnaires for measuring empathy (Empathy Quotient; Baron-Cohen &
Wheelwright, 2004; Interpersonal Reactivity Index; Davis, 1983), systemizing abilities

(Revised Systemizing Quotient; Baron-Cohen et al., 2003), social anxiety (Liebowitz

Social Anxiety Scale; Liebowitz, 1987) and need for cognition traits (Need for Cognition

Scale; Cacioppo et al., 1984). Third, after completing the TCG task, the participants also
rated their beliefs on the substance and dosage of the pharmacological treatment they
had received on a 7-points Likert scale. The oxytocin and placebo groups revealed no

statistical difference in the array of independent-sampled t tests (Table S1). These

results verified the between-group homogeneity in the levels of steroid hormones,
social traits, and beliefs about the psychopharmacological manipulation.
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8.583 ± 9.036
30.50 ± 16.76

Need for Cognition Scale

Liebowitz Social Anxiety Scale

11.21 ± 5.03
8.44 ± 3.74

Personal distress

Cortisol (nmol/l)

- .67 ± 1.47

- .75 ± 1.60

97.32 ± 87.31

9.11 ± 4.25

10.19 ± 3.25

17.04 ± 4.87

15.63 ± 3.41

16.52 ± 4.19

28.56 ± 19.10

10.78 ± 8.05

51.82 ± 14.81

36.93 ± 12.47

Placebo

- .18 ± 1.41

mean ± SD

- .13 ± 1.80

79.25 ± 42.48

15.75 ± 3.53

Perspective taking

Testosterone (pg/nl)

15.08 ± 4.31

Empathic concern

Fantasy subscale
16.96 ± 4.39

56.83 ± 14.37

Systemizing Quotient

Interpersonal Reactivity Index:

33.52 ± 11.59

Oxytocin

Empathy Quotient

Indexes

Belief on the type of administration
(-3 = placebo, 0 = not sure, 3 = drug)
Belief on the dosage of administration
(-3 = low, 0 = not sure, 3 = high)

manipulation.

49

49

49

49

49

49

49

49

49

49

49

df

- .194

.093

- .921

- .594

.873

-1.068

- .504

.366

.384

- .917

1.225

-1.000

t

.847

.927

.362

.555

.387

.291

.616

.716

.703

.363

.226

.322

p

Table S1. The oxytocin and placebo groups were matched in social traits, hormone concentration, and beliefs about the psychopharmacological
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Balanced confederate’s response and communicator’s instrumental behaviors
across experimental conditions.
A series of mixed-factorial ANOVAs showed that the task manipulation did not exert

systemic influence on the total moving time, time on non-target-field and the number

of movement steps made by the participants (Table S2). The results indicated that

participants specifically adjusted their communicative behavior but not instrumental
responding patterns.

We verified that the role-blind confederate provided comparable reaction times and
joint correctness of performance in the Adult and Child conditions for the oxytocin and
placebo groups, also by conducting mixed-factorial ANOVAs (Table S2). Moreover, we
also tested whether the confederate’s reaction time and joint error rate predicted

Communicative Adjustment (CA). Specifically, we compared the null model with
Treatment (i.e. model_0: CA ~ Treatment) with two alternative models: 1) Treatment,

confederate’s Reaction Time, and their interaction (i.e. model_1: CA ~ Treatment *

Reaction Time), and 2) Treatment, Correct rate, and their interaction (i.e. model_2: CA
~ Treatment * Error). The results revealed that adding the extra predictor to Treatment

did not help explaining residual variance in CA (model_0 vs. model_1: F2 = .31, p = .73;

model_0 vs. model_2: F2 = 1.44, p = .25). Together, these results suggested that the

confederate’s response were matched across experimental conditions and unlikely to
account for CA effects.
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Table S2. Confederate’s response was matched across conditions and indexes of task performance
other than Communicative Adjustment were unaffected by experimental manipulation.
Indexes

Effects

Moving Time

Addressee
Treatment
Addressee*Treatment
Addressee
Treatment
Addressee*Treatment
Addressee
Treatment
Addressee*Treatment
Addressee
Treatment
Addressee*Treatment
Addressee
Treatment
Addressee*Treatment

Time on Nontarget-Field
Number of movement steps
Reaction time of confederate
Error rate

df
1/49
1/49
1/49
1/49
1/49
1/49
1/49
1/49
1/49
1/49
1/49
1/49
1/49
1/49
1/49

F
.990
.058
.211
1.545
3.335
.106
.286
.059
1.160
.385
< .001
1.297
.221
1.939
.221

p
.325
.811
.648
.220
.074
.746
.597
.809
.287
.538
.978
.260
.641
.170
.641

We gave participants a questionnaire on the characteristics of the presumed addressees

right after the TCG task. We performed mixed-factorial ANOVAs on the continuous
dependent variables (Table S3-A), contingent-table tests on the categorical measures
without involving the within-subject factor (Table S3-B), and mixed-effect binomial

logit regressions on the categorical measures involving both between-subject factor
(Treatment: Oxytocin or Placebo) and within-subject factor (Addressee: Child and

Adult) (Table S3-C). The mixed-effect binomial logit models included Treatment,

Addressee and their interaction as fixed effects, coupled with the random intercept of

Participant, the random slope of Transitions and their interaction for the maximal

random structure (eq. S1). The p-values were computed by an F test with Satterthwaite
approximation for denominator degrees of freedom for unbalanced data. The model

was fitted with the GLMM module IBM SPSS Statistics 25.0. In sum, no matter what

treatment they took, participants of both groups estimated that the adult presumed
addressee was much older (mean ± SD = 29.57 ± 5.95) than the child presumed

addressee (mean ± SD = 8.32 ± 2.07); thought that the former was more alike to
themselves; and assigned more intellectual attributes to the adult presumed addressee
as well. These results further verified that the two addressee conditions differed only
90

Chapter 3: Oxytocin facilitates communicative adjustment

in terms of the communicator’s expectations about cognitive abilities of the partners to
interpret the communicative signals.

𝐷𝐷𝐷𝐷 ~ 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 ∗ 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 + (1 + 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴|𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃)

(eq. S1)

Table S3. Oxytocin administration did not bias participants’ beliefs about ones’ own responses, nor
their evaluation about attributes of the presumed addresses.
A)
Indexes
How old do you think your
partner is?
How alike to you do you think
your partner is?

Effects
Addressee
Treatment
Addressee*Tr
eatment
Addressee
Treatment
Addressee*Tr
eatment

df
1/49
1/49
1/49

F
684.339
.463
.240

p
< .001***
.500
.627

ω2
.851

1/49
1/49
1/49

8.985
2.167
3.449

.004**
.147
.069

.069

B)
Indexes
Did you play differently for one of the
partners?
Who do you think played better?

df

χ2(corrected)

p

2

.184

.912

1

< .0001

1.000
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C)
Indexes
Used a computer
before?
Rides a bike?
Counts to 100?
Can do
multiplication
problems?
Knows the rules for
driving a car?
Owns stuffed
toys/animals?
Plays video games?
Goes to the store
on their own?
Has read the diary
of Anne Frank?
Can sing the song
"zakdoekje
leggen"?

Effects

df

F

p

Addressee
Treatment
Addressee*Treatment
Addressee
Treatment
Addressee*Treatment
Addressee
Treatment
Addressee*Treatment
Addressee
Treatment
Addressee*Treatment
Addressee
Treatment
Addressee*Treatment
Addressee
Treatment
Addressee*Treatment
Addressee
Treatment
Addressee*Treatment
Addressee
Treatment
Addressee*Treatment
Addressee
Treatment
Addressee*Treatment
Addressee
Treatment
Addressee*Treatment

1/98
1/98
1/98
1/98
1/98
1/98
1/98
1/98
1/98
1/98
1/98
1/98
1/0
1/0
1/0
1/98
1/98
1/98
1/98
1/98
1/98
1/98
1/98
1/98
1/98
1/98
1/98
1/98
1/98
1/98

.001
.001
.356
.066
.839
.066
1.303
.003
.003
10.918
.752
.752
28.426
.196
.145
10.783
.010
.010
24.139
< .001
< .001
18.651
.147
.207
.167
.165
3.020

.975
.975
.552
.798
.362
.798
.257
.958
.958
.001**
.388
.388
< .001***
.659
.704
.001**
.919
.919
< .001***
.990
.990
< .001***
.702
.650
.683
.685
.085
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Odds
ratio

42.217
Inf
.010
.059
79.938
42.217
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Supplementary 3: MEG data quality
We performed a series of independent-samples t tests on potential MEG confounds.

Results are presented in Table S4. First, we verified the homogeneity between oxytocin
and placebo groups in averaged head position and variation (movement displacement

and rotation along x-, y- and z-axes, Figure S2A) in the MEG scanner. Second, we

conducted beamforming source reconstruction with balanced epoch lengths between

the two treatment groups. Third, we estimated eye-movement induced noise in the
MEG signal by considering three dipoles placed on right and left inferior ocular muscles,

and another one between the two eyes (Figure S2B). Figure S2C illustrates the spatial
distribution of correlations between each of the eye-related dipoles and the MEG
sensors. The spatial patterns suggest that the eye-related dipoles captured variance in
the MEG signal related to eye-movements.
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Figure S2. Control analyses of head position and eye-movement noise. A) Trial-by-trial head position
of each participant. The red and blue ellipsoids represent average 95% CI of head position variance of
oxytocin and placebo group, respectively. B) The source model that was used for beamforming. We
included three dipoles outside the brain, i.e. two on right and left inferior ocular muscles based on the
MNI coordinates in the plot and another one in the middle. C) Correlation maps between the
estimated source activities of the three dipoles and signals of each MEG sensor. The panels represent
correlation maps of four randomly selected participants (two from each treatment group). The r
values below each topography indicates the range of correlation coefficients.
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Average position
3D variance
Displacement
X
Y
Z
Rotation
X
Y
Z
Length of epochs for computing beamformer
Estimated eye-movement noise

Indexes

.13 ± .05
.14 ± .05
-2.58 ± .09
95.94 ± 33.68
81.87 ± 37.97
56.67± 35.50
3.85 ± 1.05
1.6e-28 ± 5.1e-29

.13 ± .05
.15 ± .04
-2.57 ± .09
93.06 ± 29.76
100.04 ± 44.30
57.24 ± 27.13
3.88± .95
1.7e-28 ± 4.3e-29

mean ± SD
Oxytocin
Placebo
2.58 ± .09
2.58 ± .09
1.5e -5± 4.4e -5
2.9e -6 ± 5.2e -6

Table S4. Control analyses of head position and eye-movement noise.

49
49
49
49
49

49
49
49

49
49

df

.32
-1.58
-.06
-.12
-1.12

.40
-.85
-.25

.24
-1.37

t

.749
.121
.950
.902
.267

.693
.399
.802

.812
.178

p
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Average position
3D variance
Displacement
X
Y
Z
Rotation
X
Y
Z
Length of epochs for computing beamformer
Estimated eye-movement noise

Indexes

95.94 ± 33.68
81.87 ± 37.97
56.67± 35.50
3.85 ± 1.05
1.6e-28 ± 5.1e-29

93.06 ± 29.76
100.04 ± 44.30
57.24 ± 27.13
3.88± .95
1.7e-28 ± 4.3e-29

Placebo
2.58 ± .09
2.9e -6 ± 5.2e -6
.13 ± .05
.14 ± .05
-2.58 ± .09

mean ± SD
Oxytocin
2.58 ± .09
1.5e -5± 4.4e -5
.13 ± .05
.15 ± .04
-2.57 ± .09

Table S4. Control analyses of head position and eye-movement noise.

49
49
49
49
49

49
49
49

49
49

df

.32
-1.58
-.06
-.12
-1.12

.40
-.85
-.25

.24
-1.37

t

.749
.121
.950
.902
.267

.693
.399
.802

.812
.178

p
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Supplementary 4: Correlation between Communicative
Adjustment (CA(t)) and neural activities in control brain
regions
We also tested the social saliency hypothesis of oxytocin, by correlating the
Communicative Adjustment (CA(t)) with a biological marker of attentional gating, i.e.

inhibition of alpha oscillation in middle occipital cortex. We predicted that oxytocin
might increase the alpha power in the visual cortex and/or modulate the neuralbehavioral relationship in a way that a lower alpha power might enhance
communicative adjustment behavior. However, we did not observe a main effect of

treatment (t48.38 = 1.70, p = .096, Estimate(SE) = .21(.12), 95% CI = [-.04, .46]), nor a

significant interaction effect between treatment and the alpha activity in middle
occipital lobe on CA (t437.65 = 1.66, p = .097, Estimate(SE) = .16(.10), 95% CI = [-.03, .35]).

We reasoned that the communicative adjustment behavior is very likely involving
complex feedforward and feedback control processes, so the relationship between

visual alpha oscillation may not be as straightforward as social saliency hypothesis

postulated.
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Figure S4. Electrophysiological consequences of oxytocin administration during communicative
performance. A) Spatial distribution of oxytocin-related changes in aperiodic broadband power
(averaged over 30-150 Hz) with local maxima in right ventral prefrontal cortex (vPFC), temporal pole
(TP) and posterior parietal cortex (PPC); and middle occipital lobe as a control region. B) Spectral
effects extracted from TP and PPC local maxima (mean ± SEM, grey area at frequencies and time points
where oxytocin and placebo groups are statistically different, p < .05 uncorrected for multiple
comparisons over frequencies and time points). Insets show spectrally averaged effects and data
distributions, using the same conventions as in Figure 3. C) Oxytocin-related changes in aperiodic
broadband power in the PPC local maximum did not account for inter-participant variation in
Communicative Adjustment. The grey panels indicate estimates of the fixed coefficients β1~3 relative
to the effects specified in the legend. Error bars: 95% CI of the mean. ***: p < .001; *: p < .05.
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OC
(mixed alpha)

OC
(aperiodic alpha)

PPC
(periodic beta)

PPC
(periodic alpha)

PPC
(aperiodic broadband)

vPFC
(periodic gamma)

Neural property
vPFC
(aperiodic broadband)

Effects
Activity
Treatment
Activity*Treatment
Activity
Treatment
Activity*Treatment
Activity
Treatment
Activity*Treatment
Activity
Treatment
Activity*Treatment
Activity
Treatment
Activity*Treatment
Activity
Treatment
Activity*Treatment
Activity
Treatment
Activity*Treatment

Coef
.15
.22
-.28
-.01
.21
-.06
-.01
.21
.11
-.00
.21
.06
-.04
.21
.16
-.06
.22
.23
-.06
.22
.17

SE
.06
.12
.10
.06
.12
.09
.08
.12
.10
.07
.12
.09
.07
.12
.10
.06
.12
.10
.06
.12
.10

Table S5. Fixed effects of neural activity and treatment on Communicative Adjustment (CA).
95% CI
[.04, .26]
[.03, .46]
[-.48, -.08]
[-.13, .11]
[-.03, .46]
[-.25, .12]
[-.16, .14]
[-.03, .46]
[-.09, .31]
[-.13, .13]
[-.03, .46]
[-.12, .25]
[-.18, .09]
[-.04, .46]
[-.03, .35]
[-.18, .07]
[-.02, .46]
[.04, .42]
[-.18, .07]
[-.03, .46]
[-.02, .36]

t
2.73
1.78
-2.70
-.15
1.75
-.68
-.15
1.74
1.05
-.05
1.76
.68
-.62
1.70
1.66
-.91
1.81
2.41
-.92
1.80
1.81

df
403.84
49.09
432.96
449.58
48.36
445.33
282.28
48.08
359.08
433.56
48.46
450.15
430.95
48.38
437.65
404.52
48.29
410.70
423.80
48.30
418.34

p
.007**
.081
.007**
.883
.087
.497
.885
.088
.296
.962
.085
.494
.537
.096
.097
.361
.076
.017*
.360
.078
.072
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Supplementary 5: Changing Rate of Communicative
Adjustment (CRCA) and correlation with aperiodic power
in vPFC
Changing Rate of Communicative Adjustment (CRCA)
As the within-subject variance of Communicative Adjustment (CA) differed in the firstvs. the second-half of the experiment (Figure S5A showed group averaged and

individual participant’s CA time course), oxytocin administration might facilitate

learning the actual communicative performance of the presumed addressees. A
possible consequence of oxytocin-related improved learning is that the oxytocin group
became more certain about their communicative adjustment. This should result in

greater consistency in CA time courses in the oxytocin than in the placebo group. Here,
we tested that hypothesis by quantifying the Changing Rate of Communicative

Adjustment (CRCA), computed as the gradient norm of CA(t) with respect to the
number of addressee transitions t (eq. S2).
𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 = ‖𝛻𝛻𝛻𝛻𝛻𝛻(𝑡𝑡)‖

({𝑡𝑡 |𝑡𝑡 ≤ 9, 𝑡𝑡𝑡𝑡𝑍𝑍 + })

(eq. S2)

The norm of the gradient indicates the greatest change of CA(t) at time point t. A smaller
CRCA reflects stabilization of the CA(t) over addressee transitions, i.e. convergence of

the CA(t) time course. Therefore, we predicted a steeper descent of CRCA in the
oxytocin group than in the placebo group.

CRCA allowed us to further probe the question whether oxytocin made communicators
more efficient in converging to a certain level of CA, suggesting more certainty in their

prediction about the addressees’ response. We used a linear mixed-effects model to

account for within subject variances, with three fixed effects: the pharmacological

treatment (Treatment: Oxytocin, Placebo), transitions between addressees (Transition:
nine addressee transitions), and the interaction between Treatment and Transition. We
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included Participant as the grouping variable and considered three random effects: the
random intercept of communicators, the random slope of Transitions, and their
interaction (eq. S3).

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 ~ 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑚𝑚𝑒𝑒𝑒𝑒𝑒𝑒 ∗ 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 + (1 + 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇|𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃)

(eq. S3)

Oxytocin group showed a faster converged time course of communicative
adjustment than the placebo group.
First, we observed that Transition revealed a significant main effect (t49 = -3.95, p < .001,
Estimate(SE) = -.11(.03), 95% CI = [-.16, -.05]). Specifically, CRCA descended

significantly as a function of Transition in oxytocin group (Estimate(SE) = -.11(.03),

95% CI = [-.16, -.05]) but not in placebo group (Estimate(SE) = -.01(.03), 95% CI = [-.06,
.04]). The results suggested that both groups gained information from the presumed

addressee’s responses during communication and made use of such information to
update their adjustment behavior. Critically, the model revealed a significant

interaction effect (t49 = 2.67, p = .01, Estimate(SE) = .10(.04), 95% CI = [.02, .18], Figure

S2B). Consistent with our hypothesis, the oxytocin group showed a faster descent of
CRCA over time than the placebo group did (t49 = -2.67, p = .01, Estimate(SE) = -

.10(.04)). These results indicated that oxytocin facilitated convergence towards a more
efficient recipient design and developed a higher confidence in their predictions of

addressees' responses during communication. These results together suggested that
participant, who took oxytocin intranasal sprays, went through a different exploration
for the optimal level of CA for the presumed addressees. The more certainty in their

prediction, the more likely communicators sustain the current level of CA, thus, the
smaller CRCA. We expected that oxytocin promoted recipient design by fastening the
exploration process, leading to greater reduction of CRCA over time.

The oxytocin-related upregulation of aperiodic broadband power in ventral
prefrontal cortex modulates convergence of communicative adjustment
We extracted the random slope per participant from the analysis above, as an index of
convergence speed of CA time course, indicating how fast a communicator achieve a

stable level of communicative adjustment. Further, we examined the relationship
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between the magnitude of broadband aperiodic power in vPFC and the convergence
speed of CA. The results showed a significant main effect of broadband aperiodic power
on the random slopes (t402.20 = -3.61, p < .001, Estimate(SE) = -.18(.06), 95% CI = [-.28,

-.08]) and an interaction between treatment and broadband aperiodic power on CA

(t429.79 = 2.50, p = .013, Estimate(SE) = .24(.10), 95% CI = [.05, .43], Figure S5C).
Specifically, the interaction indicates that oxytocin modulated the effect of broadband

aperiodic power on the temporal dynamics of communicative adjustment; namely, a
larger broadband aperiodic power in vPFC predicted

faster convergence of the

communicative adjustment time course (i.e. a steeper random slope) in the oxytocin
group (t402 = -3.61, p < .001, Estimate(SE) = -.18(.05), 95% CI = [-.28, -.08]). However,

no significant correlation was observed in the placebo group (t436 = .69, p = .494,
Estimate(SE) = .06(.08), 95% CI = [-.10, .21]). Moreover, we did not find association

between CRCA and neural activities in other brain regions and spectral domains as
shown in Table S6. In sum, these results indicate that the oxytocinergic upregulation of
aperiodic broadband power in ventral prefrontal cortex promotes a more efficient

recipient design during the course of communication, rather than stereotypically

increasing communicative adjustment based on their initial prediction about the
interacting partner.
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Figure S5. Dynamics of communicative adjustment and its correlation with aperiodic neural activity
in vPFC. A) The Communicative Adjustment (CA) dynamics. Each thinner line represents the CA time
course per participant who was assigned to oxytocin (in red) or placebo (in blue) treatment group.
The thicker lines represent group averaged CA. B) The oxytocin group showed steeper slope of
Changing Rate of Communicative Adjustment (CRCA) over time, suggesting a faster stabilization of CA
in the oxytocin group than the placebo group. The thinner lines represent predicted CRCA per
participant by the mixed-effect model; the thicker lines represent predicted group averages of CRCA.
The grey panel indicates the fixed coefficients β1~3 relative to the effects specified in the legend. Error
bars: 95% CI of the predicted mean. C) Oxytocin-related changes in aperiodic broadband power in the
vPFC local maximum account for inter-participant variation in CRCA. ***: p < .001; *: p < .05.
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OC
(mixed alpha)

OC
(periodic alpha)

PPC
(periodic beta)

PPC
(periodic alpha)

PPC
(aperiodic broadband)

vPFC
(periodic gamma)

Neural property
vPFC
(aperiodic broadband)

Effects
Activity
Treatment
Activity*Treatment
Activity
Treatment
Activity*Treatment
Activity
Treatment
Activity*Treatment
Activity
Treatment
Activity*Treatment
Activity
Treatment
Activity*Treatment
Activity
Treatment
Activity*Treatment
Activity
Treatment
Activity*Treatment

Coef
-.18
.23
.24
-.06
.21
.08
-.02
.21
.06
.03
.21
-.03
-.02
.21
-.01
.07
.20
-.08
.06
.21
-.03

SE
.05
.15
.10
.06
.16
.09
.07
.15
.10
.06
.15
.09
.06
.15
.09
.06
.15
.09
.06
.15
0.09

95% CI
[-.28, -.08]
[-.07, .53]
[.05, .43]
[-.18, .05]
[-.10, .53]
[-.10, .25]
[-.17, .12]
[-.10, .52]
[-.13, .25]
[-.09, .16]
[-.09, .52]
[-.20, .14]
[-.14, .11]
[-.10, .52]
[-.18, .17]
[-.04, .19]
[-.10, .51]
[-.25, .10]
[-.06, .17]
[-.10, .51]
[-.21, .14]

Table S6. Fixed effects of neural activity and treatment on Changing Rate of Communicative Adjustment (CRCA).
t
-3.61
1.56
2.50
-1.08
1.36
.87
-.34
1.37
.63
.56
1.40
-.32
-.48
1.39
-.07
1.25
1.34
-.84
.96
1.36
-.38

df
402.20
48.92
429.79
431.62
48.88
436.03
306.82
48.60
417.25
422.72
48.91
431.93
431.91
48.63
434.63
390.09
48.53
397.45
402.18
48.55
400.59

p
<.001***
.125
.013*
.281
.180
.384
.733
.177
.530
.575
.168
.750
.812
.172
.947
.211
.187
.401
.337
.180
.700
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control of referential pointing

Based on: Liu, R., Bögels, S., Bird, G., Medendorp, W.P., Toni, I. (2022). Hierarchical integration of
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Abstract
Recognised as a simple communicative behaviour, referential pointing is cognitively

complex because it invites a communicator to consider an addressee’s knowledge.

Although we know referential pointing is affected by addressees’ physical location, it
remains unclear whether and how communicators’ inferences about addressees’

mental representation of the interaction space influence sensorimotor control of
referential pointing. The Communicative Perspective-Taking task requires a

communicator to point at one out of multiple referents either to instruct an addressee

which one should be selected (communicative, COM) or to predict which one the
addressee will select (non-communicative, NCOM), based on either which referents can
be seen (Level-1 perspective-taking, PT1) or how the referents were perceived (Level-

2 perspective-taking, PT2) by the addressee. Communicators took longer to initiate the
movements in PT2 than PT1 trials, and they held their pointing finger for longer at the

referent in COM than NCOM trials. The novel findings of this study pertain to trajectory

control of the pointing movements. Increasing both communicative and perspective-

taking demands led to longer pointing trajectories, with an under-additive interaction
between those two experimental factors. This finding suggests that participants
generate communicative behaviours that are as informative as required, rather than

overly exaggerated displays, by integrating communicative and perspective-taking

information hierarchically during sensorimotor control. This observation has
consequences for models of human communication. It implies that the format of
communicative and perspective-taking knowledge needs to be commensurate with the

movement dynamics controlled by the sensorimotor system.
Key words:

perspective-taking, spatial representation, kinematics, social interaction, recipient
design
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Introduction
Pointing one’s finger to a location in space in order to signal a referent for an addressee
is one of the biomechanically simpler instances of human communicative behaviour,

yet referential pointing is cognitively complex: it invites communicators to consider the

presumed knowledge of addressees, an instance of recipient design (Clark & Murphy,
1982; Tomasello et al., 2007; Blokpoel et al., 2012). It has been argued that referential
pointing is a fundamental human communicative behavior, relevant to understand

other forms of human communication, with or without accompanying speech (McNeill,

1992; de Ruiter, 2000; Enfield et al., 2007; Tomasello et al., 2007; Tomasello, 2008;
Liszkowski et al., 2012; de Ruiter et al., 2012; Cooperrider, 2016; Enfield & Sidnell,

2017). Referential pointing provides an ecologically valid testing ground for

understanding the integration of sociocognitive information with sensorimotor
processing (Creem-Regehr et al., 2013; Murillo Oosterwijk et al., 2017; Winner et al.,

2019; Pouw et al., 2020). Previous works have shown how communicators organize

their pointing movements incorporating the physical location of addressees (Özyürek,

2002; Langavant et al., 2011; Pezzulo, Iodice, et al., 2013; Murillo Oosterwijk et al., 2017;
Winner et al., 2019). However, it remains unclear whether and how communicators’

inferences about addressees’ mental representation of the interaction space influence
planning and control of referential pointing.

Inferring others’ mental representation of space is conceptualized as spatial
perspective-taking and it is differentiated in two levels, according to the cognitive

demands involved (Salatas & Flavell, 1976; Michelon & Zacks, 2006; Kessler &
Rutherford, 2010; Surtees et al., 2013). Level-1 perspective-taking is required to infer

whether part of a visual scene can be seen by another observer. It relies on calculating

another observer’s line-of-sight in an egocentric frame of reference. Level-2

perspective-taking is required to infer how a visual scene is perceived by another
observer. It relies on transforming one’s own egocentric frames of reference to an

allocentric frames of reference. Perspective-taking is considered a prerequisite of

intentional communication (Keysar et al., 2000; Brown-Schmidt & Hanna, 2011;

Clements-Stephens et al., 2013). Previous studies have examined how interlocutors
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make use of perspective information in language comprehension and production, e.g.
by manipulating shared and privileged information (Director Task, Keysar et al., 2000;

Barr, 2008; Brown-Schmidt & Hanna, 2011). Those studies have gained insights on how

our knowledge about the other’s perspective influences the generation of linguistic cues
and joint attention. However, it remains unclear whether and how perspective-taking

and communicative demands interface with sensorimotor processes during the
production of communicative gestures. Here, we differentiate between three potential

mechanisms coupling a communicator’s sensorimotor system with the cognitive
operations handling communicative and perspective-taking demands.

We developed a Communicative Perspective Taking (CPT) task in which

communicative and perspective-taking demands were manipulated independently, in

a full-factorial design. In this task, a communicator and an addressee sit on the opposite
side of a table. The communicator points to one among a set of digital stimuli presented

at different locations on the table, while facing the addressee. A visual barrier is

interposed between the addressee and the digital stimuli, allowing the communicator
full view of the stimuli and of the barrier, whereas the addressee can see only a subset
of the stimuli through the barrier. The communicator points either to instruct the

addressee which digital stimulus should be chosen, when the addressee does not know
the target (communicative pointing, COM), or to predict which stimulus the addressee

will choose, when the addressee knows the target (non-communicative pointing,
NCOM). To decide which stimulus to point to, on each trial the communicator has to

spontaneously infer either which target stimulus can be seen by the addressee through

the barrier (level-1 perspective-taking, PT1), or which of the stimuli seen by the

addressee looks like the target when seen from the addressee’s perspective (level-2

perspective-taking, PT2).

We recorded the kinematics of the communicator’s right hand throughout the

experiment and analysed temporal and spatial features of the pointing movements.
Following previous studies, we focused on kinematic features relevant to parameterize

the sensorimotor processes of movement planning and execution (Becchio et al., 2010;
Langavant et al., 2011; Murillo Oosterwijk et al., 2017). Each pointing movement was
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segmented into four stages: planning, approach, holding, and returning, approximately

corresponding to the “rest”, “stroke”, “hold” and “retraction” stages used in the analysis
of co-speech gestures (McNeill, 1992; Kita et al., 1998). Temporally, we focused on the

duration of the planning stage (i.e. the period between presentation of the stimuli and

movement onset) and of the holding stage (i.e. the period between arrival at the endposition and onset of the return movement away from the end-position). Spatially, we

computed displacement and variability of the approach trajectories, parameters known
to index movement magnitude and movement corrections, respectively (Bays &
Wolpert, 2007; Körding & Wolpert, 2006; Gallivan et al., 2018). Building on existing

work, we expect to validate the current experimental setup by reproducing the

observations that PT2 requires longer planning time than PT1 (Michelon & Zacks, 2006;
Kessler & Rutherford, 2010; Surtees et al., 2016) and that communicative demands

result in longer holding times and exaggerated pointing trajectories (Becchio et al.,
2010; Langavant et al., 2011; Peeters et al., 2015; Krishnan-Barman et al., 2017; Murillo
Oosterwijk et al., 2017; Trujillo et al., 2020).

The kinematic parameters considered in this study have been chosen to differentiate

between three hypotheses on the mechanism coupling cognitive and sensorimotor
systems during referential pointing (Table 1). Hypothesis 1 (“two-steps model”)

proposes that those systems are independent: a communicator first decides where to
point, according to perspective-taking demands (Michelon & Zacks, 2006; Kessler &

Rutherford, 2010; Surtees et al., 2016), and then plans and controls the movement
according to communicative demands. This hypothesis predicts a null effect of

perspective-taking on the bulk of the pointing trajectory and limits perspective-taking

effects to planning time, while higher communicative demands would lead to more
emphatic pointing trajectories, as shown previously (Langavant et al., 2011; Murillo

Oosterwijk et al., 2017; Winner et al., 2019). Hypothesis 2 (“leaky two-steps model”)

proposes that perspective-taking effects, occurring during the determination of the

pointing location before movement onset, might leak into later stages of movement

execution when the pointing finger approaches the end-position (the “apex” in cospeech gesture literature), as communicators might only consider accuracy of the

pointing end-positions that directly determines the task performance. Under the
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framework of Optimal Feedback Control (Todorov & Jordan, 2002, 2003; Scott, 2004,

2016; Schwartz, 2016), deviations away from the predetermined forward kinematics

(i.e. the anticipatory internal model that specifies end-effectors and joint kinematics)

will be corrected only for the task-relevant dimensions. Specifically, the principle of

minimum intervention of sensorimotor control argues that only the end-position of the

movement, instead of the whole trajectory, is modified by the sensorimotor system,

unless external perturbation while moving hampers task performance (Todorov &

Jordan, 2003; Nashed et al., 2012; Keyser et al., 2017). This sensorimotor coding

mechanism would predict the leakage of perspective-taking into late stage movement

execution due to the control of end-position; and it would occur in parallel to an early
effect of communicative demand on the approach trajectory (Langavant et al., 2011;

Murillo Oosterwijk et al., 2017; Winner et al., 2019). Hypothesis 3 (“interactive model”)
proposes that communicators might bear in mind the addressee’s perspective as well

as communicative demands, while planning and controlling the pointing movements.

This hypothesis predicts an under-additive interaction effect of perspective-taking and

communicative demands in the trajectory. The reason is that the more control signals

are present, the more noise emerges in the sensorimotor system (i.e. “signal-dependent
noise”) (Harris & Wolpert, 1998; Wolpert & Ghahramani, 2000; Wolpert et al., 2003;

Faisal et al., 2008). Hypothesis 3 implies that the two types of cognitive demands might
share a common coding in the sensorimotor interface, allowing those different

cognitive demands to be integrated to generate a more efficient control policy (“control
policy” refers to internal rules on how anticipated consequences of a movement and

real-time sensory information are used to generate motor commands) (Todorov &

Jordan, 2002, 2003; Scott, 2004, 2016; Schwartz, 2016).

Table 1. Hypotheses and predictions of perspective-taking, communication, and their interaction
effects on pointing trajectories.
Hypothesis
two-steps model

Description
Perspective-taking only determines referent
selection and has no impact on movement
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trajectory. Communication solely affects
movement trajectory.
leaky two-steps
model

Perspective-taking determines referent selection
thus affects movement trajectory near the endposition. Communication affects movement
trajectory independent from perspective-taking.

interactive model

Perspective-taking and communicative demands
jointly affect movement trajectory, indicating
sensorimotor integration of the two demands.

Communication
Perspective-taking

Perspective-taking *
Communication

Methods
Participants
Thirty-eight right-handed healthy participants, naive to the goal of the study, acted as

the communicator in the CPT task. All reported normal or corrected-to-normal vision,

gave informed consent in accordance with protocols approved by the local ethics
committee (Committee on Research Involving Human Subjects, region Arnhem-

Nijmegen, The Netherlands, study protocol registration number 3011157.01.), and
were offered financial compensation for their time. Seven were excluded due to task

performance falling below a pre-defined boundary (<70% trials where the

communicator correctly identified the targets), leaving 31 participants (23 females,

mean ± SD = 23.7 ± 3.5 years old) included in the final analysis. The excluded
participants used inadequate strategies, such as simply flipping the stimuli upside-

down or left-right instead of engaging in perspective-taking. Although the rejected

participants might have been able to use PT2 if we had explicitly instructed to do so,
they did not spontaneously used PT2 to solve the task. Given the absence of published

effect size estimates for perspective-taking and communicative demands, it was
decided to recruit participants until moderate evidence was obtained for (BF = 3) or

against (BF = .3) main- and interaction-effects of the experimental factors, with a

maximum amount of 40 participants (Lee & Wagenmakers, 2013; Rouder, 2014;
Dienes, 2016).
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Experimental Setup
The experimental setup is illustrated in Figure 1A and B. A pair of co-players sat at

opposite sides of a round wooden table (radius: 120 cm). The participant played the
role of the communicator; the confederate played the role of the addressee. A set of

stimuli (4 digital items next to each other, each item covering 5×5 cm2, 7.5 cm apart,

Figure 1B) was presented along the centre of the main-screen (73×44 cm2; Figure 1A-a
and B) via a projector (DELL M410HD, refresh rate: 60 Hz; Figure 1A-b) under the table.

A barrier (26 cm from the addressee’s eyes, Figure 1A-c) was vertically interposed
between the main-screen and the addressee. The barrier consisted of 70 LCD tiles

(1×36 cm2 each) arranged along the whole extent of the glass panel. The transparency

of each Liquid Crystal Display (LCD) tile could be independently controlled through a

computer (transition time: 3.2 msec). By controlling transparency of each tile, we
allowed or prevented the addressee from seeing some of the stimuli on the main-screen
(manipulation of PT1, Figure 1B; also see Experiment Task and Design). The upper part
(77×14 cm2) of the barrier was covered to prevent eye contact between the co-players.

At either side of the base of the barrier, there were two additional small monitors

(15.5×8.9 cm2), one facing the communicator (communicator-screen; Figure 1A-d) and

the other the addressee (addressee-screen, Figure 1A-e). These small monitors allowed

us to manipulate communicative demand by showing or not showing the target on the

addressee-screen (see Experiment Task and Design). The experimental setup also

included a home-key for the communicator (Figure 1A), aligned with the midline of the
communicator and positioned 38 cm from the centre of the main-screen; a chin-rest for

the addressee, aligned with the midline of the addressee and positioned 60 cm from the

centre of the main-screen; and a computer mouse (Figure 1A-f), held with the right hand

of the addressee and which controlled a cursor displayed on the main-screen after the
communicator completed the pointing movement and returned to the home-key.
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Figure 1. Experimental settings and design. A. Two co-players sit at the opposite sides of a table. Four
stimuli are presented on the main-screen (a) through a projector (b). The communicator (on the left
side) needs to point at one of the stimuli, considering which target stimulus can be seen by the
addressee through the barrier (c), or which of the visible stimuli look like the target presented on the
communicator-screen (d) when seen from the addressee’s perspective. Subsequently, the addressee
selects a stimulus from the main-screen either based on the communicator’s pointing or on the target
presented on the addressee-screen (e), by mouse click (f). (g) is the source of the magnetic field used
by the motion tracking system. B. The curve indicates a schematic profile of velocity of the pointing
finger. Each trial is segmented into four movement stages according to predetermined criteria. The
photographs illustrate the corresponding configuration of the experimental setup and the pointing
response of the communicator. The last two rows show representative PT2 trials (in COM and NCOM
condition) illustrating the visual scene available to the communicator (upper row) and to the
addressee (bottom row). The large black rectangle represents the main-screen; the small black
rectangle represents the communicator-screen (upper row) and the addressee-screen (bottom row).
The array of shadowed (opaque) and white (transparent) stripes represents the barrier; the dashed
lines between the barrier and the main screen (bottom row) illustrate the addressee’s line-of-sight
through the transparent parts of the barrier. For illustration purpose, we use the dashed circle to
represents the correct referent to point to in the example, but the circle was not presented in the real
experiment. C. The upper panel shows the visual stimuli with symmetric (PT1) or asymmetric (PT2)
features (three other mirrored versions of the stimuli were also adopted in the experiment.). The
bottom panel denotes the experimental conditions, arising from using symmetric or asymmetric
stimuli (PT1, PT2, respectively) and from showing or not showing the target stimulus on the addresseescreen (NCOM, COM, respectively). More precisely, the communicator-screen presents the target in
all trials. The addressee-screen presents the target in the NCOM condition, and the text ‘Target not
shown’ in the COM condition. PT1: Level-1 perspective-taking; PT2: Level-2 perspective-taking; COM:
Communicative pointing; NCOM: Non-communicative pointing.

Experimental Task and Design
The CPT task required a communicator to point at one of the four stimuli presented on
the main-screen. A trial started with the communicator pressing and holding on the

home-key with the right index finger, making the barrier opaque and a fixation cross to

appear on the main-screen. After 1000 msec, portions of the barrier turned transparent

and the set of stimuli was displayed on the main-screen. Meanwhile, a target was
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presented on the communicator-screen (Figure 1B, Planning). The communicator

decided when and where to point, then released the home-key and moved the right

hand towards the relevant item on the main-screen, before returning to the home-key.

Releasing the home-key triggered the stimuli and target to disappear from the main-

screen and from the communicator-screen, and the whole barrier to become
transparent (Figure 1B, Approach and Holding). No constraints were imposed on the

communicator’s pointing movement, other than starting from and returning to the

home-key, and pointing without touching the main-screen. Once the communicator

returned to the home-key, the stimuli reappeared on the main-screen and the barrier

became partially opaque as it was at the onset of the trial (Figure 1B, Returning). The
addressee could then select an item from the stimuli array on the main-screen with the

mouse, triggering the appearance of a grey frame around the selected item, which was

also visible to the communicator. After a jittered interval (range: 400 to 600 msec,
uniform distribution), the next trial would start.

We implemented a 2*2 within-subject factorial design (Figure 1C). First, the CPT task

required the communicator to point for either a communicative (COM) or noncommunicative (NCOM) purpose. The communicator was informed that the addressee

was supposed to select an item that matched the target shown on the addressee-screen,

which was identical to the one shown on the communicator-screen. In COM trials,
however, the target was shown on the communicator-screen, but not on the addressee-

screen. Therefore, the addressee could complete the trial only by observing the
communicator’s pointing movement; in other words, the communicator was required

to instruct the addressee which item should be chosen by pointing. In NCOM trials, the

target was shown on both the communicator-screen and the addressee-screen. In these

trials, the communicator was asked to predict which item of the stimuli array would be

selected by the addressee. COM and NCOM trials were grouped into four testing blocks
of 48 trials each, counter-balanced according to an ABBA scheme and the type of the

first block was randomly assigned. At the onset of each block of trials, a written

instruction was presented on the main-screen (i.e. ‘Instruct’ for COM blocks, ‘Predict’

for NCOM blocks), coupled with a red or green frame at the edge of the main-screen

throughout the 48 trials of a block. The association of the red/green frame with
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COM/NCOM blocks was randomized across participants, but it was kept consistent

within each participant. Second, the communicator was informed that the addressee’s

choice determined the success of each trial. Therefore, when deciding which item to

point at, the communicator needed to adopt the addressee’s perspective. Compliance
with this crucial task requirement was ensured through these task features:

a) The communicator needed to consider that the addressee could only select an item

that was visible to her, and that matched the target shown on the communicatorscreen when seen from the addressee’s view.

b) Perspective-taking demand was manipulated through the use of the barrier and of
targets with symmetric and asymmetric features. In PT1 trials, the target was

symmetric along the horizontal axis (e.g. ‘O’ in Figure 1C), so that the target

appeared the same from the perspectives of both co-players. However, due to the

arrangement of the transparent and opaque elements of the barrier (Figure 1B),

some items of the stimuli array were visible to both co-players, whereas other items
(including at least one duplicate of the target item) were visible only to the

communicator. This manipulation was introduced so that the communicator needed
to consider which items were visible from the addressee’s point of view, since only
one of the two displayed target items is the correct answer. This task feature

ensured communicators engaged in PT1. In PT2 trials, the target was asymmetric

(e.g. “ ” in Figure 1C), so that it appeared different from the communicator’s and
addressee’s perspectives (e.g. a “ ” from the communicator’s point of view would
correspond to a “

” from the addressee’s point of view.). Note that the

communicator could not be able to identify the correct item by simply mirroring or
flipping the target (e.g. “ ” and “ ” are not reflected images.) and such strategy

would lower their task performance. Furthermore, use of this strategy was
discouraged by adding mirrored versions of the stimuli array on the main screen.

Thus, in order to select the correct item, the communicator needed to adopt the
addressee’s perspective to determine how the target would look, i.e. to engage in
PT2.

c) Each trial started with a new stimuli configuration such that the communicator
needed to engage once more in perspective-taking.
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d) Other task details minimized sensory differences between conditions and
movement predictability. To match physical features across stimuli arrays, each trial

contained both symmetric and asymmetric stimuli. Targets for the four

experimental conditions were counterbalanced across the four stimuli locations on
the main-screen. To minimize stereotyped movements, the items were pseudorandomly arranged such that no more than three trials with targets at the same

location on the main-screen were presented in succession. Although the

participants only played the role of communicator in the task, they also experienced
and understood the role of the addressee during training blocks (see Experimental
Procedure).

Experimental Procedure
The experiment started with training blocks in which participants familiarized
themselves with the experimental setup and the roles of the CPT task (started as the

role of communicator, then alternated between the roles). The training blocks consisted
of at least 3 blocks of 5 COM trials and 5 NCOM trials. Additional blocks were performed

until a block was performed with more than 90% accuracy when the participant played
the role of communicator. In the training blocks, the players alternated in the roles of

communicator and addressee, exchanging positions at the table and experiencing both
points of view. During the training blocks, the addressee (played by the confederate)

performed the NCOM trials by selecting stimuli on the main-screen according to the

target shown on the addressee-screen (i.e. the players might select a different item
based on their own judgement). Then, during the four testing blocks (separated by self-

paced breaks), regardless of the trial conditions, the addressee always selected stimuli

indicated by the communicator rather than following the targets presented on the

addressee-screen. This procedure ensured that the communicator received exactly

matched feedback from the addressee’s behaviour across the COM and NCOM

conditions. Trial-by-trial and overall accuracy was presented to the players on the

main-screen in training blocks and only overall accuracy was provided at the very end
of the testing blocks. Before and after the testing blocks, participants performed 20

pointing movements (baseline trials) to each of the four locations on the main-screen

where the stimuli array was displayed, without the presence of the addressee, and with
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the barrier fully opaque. These measurements provided a baseline reference of each
participant’s

manipulations.

pointing

movements

in

a

solo-setting

without

experimental

Kinematic Recording and Analysis
We sampled position and orientation of five sensors at 240 Hz, using an electromagnetic

tracking system (LIBERTY, Polhemus). The sensors were attached to the

communicator’s right index finger (on the second distal phalanx, on the proximal
phalanx, and on the metacarpal joint), wrist (corpus radii), and to the right shoulder.

Kinematic data were processed with Kinemagic Toolbox (Verhagen et al., 2012;
https://github.com/Donders-Institute/kinemagic)

using

MATLAB

R2016b

(MathWorks, Natick, MA, USA). The data were filtered using a third-order bidirectional

Butterworth low pass filter at a cut-off frequency of 15Hz. The velocity and acceleration

of the index finger were calculated as the first and second derivative of the position.
Position was defined within a Euclidian reference system centred on the home-key,

with the x-axis along the communicator’s transverse plane, the y-axis along the

communicator’s sagittal plane, and the z-axis along the communicator’s coronal plane

(The coordinate system is illustrated in the bottom-left panel of Figure 1A). Movement

onset-and-offset was defined using a criterion of index fingertip velocity in the sagittal
plane (y-z plane) over-or-under 5cm/s for at least 200 msec. Hence, each pointing

movement was segmented into four stages (Figure 1B): Planning (or “rest” in some co-

speech gestures literature, McNeill, 1992; Kita et al., 1998) -- the period between

presentation of the stimuli and movement onset; Approach (“stroke”) -- the period

between movement onset and arrival near the location of the selected stimulus; Holding
(“hold”) -- the period between arrival near the selected stimulus and onset of the return

movement away from the selected stimulus; and Returning (“retraction”) -- from the
onset of the return movement until the time the home-key was pressed. Only the first

three stages were analysed, since the returning movement does not concern referential
pointing and it was constrained by the additional requirement to press the home-key.

We examined temporal and spatial aspects of kinematic data. Temporally, we focused

on the duration of two movement stages: planning and holding. The spatial features of
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the pointing movements were quantified as average displacement and variability of the
trajectories in three-dimensional space during the approach stage, as indices of
movement magnitude and movement correction, respectively (see Introduction). To

compare temporal development of spatial features of the movement across
participants, each approach trajectory was first normalized into 100 time points on a

participant-level with cubic-spline interpolation. We then extracted time series of
average displacement and variability of the trajectories relative to the corresponding

values in the baseline movement (performed in the solo-setting). Specifically, for each

time point on the time-normalized trajectories, we estimated an ellipsoid along the

Eigenbases of the covariance matrix of the trajectories. The centre of the ellipsoid at

each time point provided the average position of the pointing finger; the volume of the
ellipsoid was computed by taking the 95% confidence interval of the Mahalanobis

distance according to a Chi-square distribution. Based on the ellipsoid at each time
point, displacement was calculated as the Euclidian distance from the home-key to the

centre of the ellipsoid; and trajectory variability was calculated as the volume of the

ellipsoid. Trials with incorrect responses (i.e. pointing movement towards an incorrect

item) were excluded from the kinematic analysis (mean: 6.45%; range: 0.52%-17%).

One participant was excluded from the trajectory analysis because of invalid baseline
measuring.

Statistical Analysis
To quantify evidence for or against the null hypothesis, we used Bayes Factors (BFs).
Stage durations were included into Bayesian repeated-measure analysis of

variance (ANOVAs) in JASP 0.9.2 (JASP Team, 2019) with two factors (perspective-

taking and communicative demands) with two levels each. We used a multivariate
Cauchy prior with a fixed effects scale factor of r = .50, a random effects scale factor of r

= 1, and a scale covariate of r = .35 (Rouder et al., 2012). Post-hoc comparisons were

based on the default t-test with a Cauchy (0, r = .71) prior (Rouder et al., 2009).

Statistical inferences on the time courses of displacement and trajectory variability

were made using non-parametric cluster-based permutation tests (Maris & Oostenveld,

2007), in order to control for multiple comparisons in the context of data with complex

spatiotemporal dependencies. The cluster-forming threshold was α = .05 (two-tailed).
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P-values corrected for multiple comparisons (pMC) were computed by ranking the test

statistics among sample values from 1000 Monte Carlo runs. We used post-hoc
exploration of significant effects to evaluate specific main- and interaction-effects, using

a Bonferroni procedure (pcorr) to correct for multiple comparisons in those pairwise

contrasts. These tests were performed with MATLAB R2016b.

Results
Temporal Effects of Perspective-taking and Communicative Demands on the
Pointing Movements
We performed a Bayesian repeated-measure ANOVAs on the duration of three

movement stages (planning, approach, and holding). Consistent with our predictions
on planning and holding times (see Introduction), the BFs suggested extreme evidence

for a main effect of perspective-taking on planning time (BF = 1.264e+21, Figure 2A)

and a main effect of communication on holding time (BF = 1.960e+3, Figure 2C). More

precisely, participants took longer to initiate a movement during PT2 trials than during

PT1 trials (BF = 2.864e+15; PT2: 4.420 s; PT1: 2.459 s); and held their finger on the

end-position location for a longer time at the end of communicative than noncommunicative movements (BF = 151.400; COM: .249 s; NCOM: .209 s). There was no
strong evidence to conclude that approach time differed across conditions (Table 2).

Table 2. Bayes factors of the effects of perspective-taking and communicative demands and their
interaction on the duration of each movement stage (against the null hypothesis).
Effect (duration)

Planning

Approach

Holding

Communication effect

0.285

2.036

1.960e+3

Perspective-taking effect

1.264e+21

4.468

0.272

Interaction effect

0.235

0.287

0.297
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Figure 2. Temporal features of the pointing movements. Durations of A. planning, B. approach and
C. holding stage. The curved areas illustrate kernel density estimates of the data distribution. The
coloured dots are jittered raw data and the black dots represent the group mean. The boxes indicate
the interquartile range (IQR) and the whiskers are maximum and minimum with 1.5 IQR. The task
conditions are coded with the colour of light blue, dark blue, light red and dark red for PT1+NCOM,
PT1+COM, PT2+NCOM and PT2+COM, respectively.

Spatial Effects of Perspective-taking and Communicative Demands on the Pointing
Movements
To compare the spatial dynamics of the pointing movements, we normalized the raw

trajectories (Figure 3A) with respect to equal time intervals per participant. There are

three main findings. First, in line with previous findings, displacement of pointing
trajectories showed an early effect of communicative demand (from 9% until 100% of

the approach time, pMC < .001, Figure 3B), with longer trajectories in COM than in NCOM
trials (t29 = 7.531, pcorr < .001, Cohen’s d = 1.375. A post-hoc analysis revealed that the

COM trajectories ended further away from the starting position compared to the NCOM

trajectories (BF = 1.460e+7; COM: 38.14 cm; NCOM: 38.04 cm). Second, there was also

a main effect of perspective-taking (from 23% until 100% of the approach time, pMC <

.001, Figure 3B), with longer trajectories in PT2 than in PT1 trials (t29 = 8.394, pcorr <
.001, Cohen’s d = 1.533). A post-hoc analysis revealed that the PT2 trajectories ended

further away from the starting position compared to the PT1 trajectories (BF =
1.019e+13; PT2: 38.18 cm; PT1: 38.00 cm). Third, in favour of Hypothesis 3
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(“Interactive model”, see Introduction), there was an under-additive interaction

between perspective-taking and communicative demands (from 40% until 85% of the
approach time, pMC < .001, t29 = -5.404, pcorr < .001; Cohen’s d = .987; Figure 3B), with a
smaller effect of perspective-taking demand (longer trajectories in PT2 than PT1)

during COM trials (t29 = 4.670, pcorr = .005, Cohen’s d= .853) than during NCOM trials
(t29 = 17.344, pcorr < .001, Cohen’s d = 3.167). A Bayesian one-sample t-test suggests that
this interaction effect occurred after the initial acceleration phase of the pointing

movement (BF = 6521), i.e. after the pointing finger reached peak velocity at
approximately 35% of the approach time. Moreover, these trajectory displacement
effects could not be attributed to changes in trajectory variability: the trajectories

remained comparable in that respect across conditions throughout the approach time
(pMC > .05, Figure 3C).

We also implemented a post-hoc analysis to quantify differences between solo-pointing

and CPT-pointing. We contrasted the trajectories of the four task conditions to those of
baseline trials (solo-pointing without an addressee). Task-related movements had

larger displacements starting around 30% of the approaching time and afterwards

(39%, 32%, 32% and 26% for NCOM+PT1, NCOM+PT2, COM+PT1 and COM+PT2
respectively). The variabilities of task-related trajectories were above baseline from
38%, 40%, 29% and 25% of the approaching time and afterwards in NCOM+PT1,
NCOM+PT2, COM+PT1 and COM+PT2 condition, respectively; Monte Carlo p-values

were all smaller than .001. These results revealed that the mere presence of an
addressee had a substantial influence on the organization of the pointing movement,

encouraging communicators to move further away from the starting position. We
present the group-averaged differential length and differential variability (relative to

the baseline per condition) of movement trajectories in Figure 3 B&C. Figure 3A

provides an example of raw single-trial trajectories to the four stimuli locations in each
of the four conditions and at baseline.
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Figure 3. Spatial features of the pointing movements. A. Illustration of raw pointing trajectories in
each experimental condition, both in 3D view (panel A1) and over the horizontal plane (panel A2).
Each curve represents a randomly chosen trial from a participant. B. Time courses of the difference in
trajectory displacement between task-related and baseline movements, taken as reference (dashed
line). Each curve represents group averages; shaded areas indicate ±1 SEM over participants. The bars
along the x-axis indicate significant effects of communicative demand (black bar; between 9% and
100% of the approach time, pMC < .001); perspective-taking (dark grey bar; between 23% and 100% of
the approach time, pMC < .001); and interaction between perspective-taking and communicative
demand (light grey bar; between 40% and 85% of the approach time, pMC < .001). C. Time courses of
the difference in trajectory variability between task-related and baseline movements.

Discussion
This study tests whether and how communicative and perspective-taking demands are

integrated at the sensorimotor level during referential pointing. Communicators

changed temporal and spatial features of their pointing movements according to the
communicative demand of the task and the spatial perspective of the addressee. The

CPT task successfully reproduced well-documented effects in the existing literature on

perspective-taking and communicative pointing, respectively. Communicators took

longer to initiate their movement when inferring how the addressee perceived the

referents (PT2) than when discriminating what could be seen by the addressee (PT1)
(Michelon & Zacks, 2006; Kessler & Rutherford, 2010; Samson et al., 2010; Galati &
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Avraamides, 2013; Surtees et al., 2016; Galati et al., 2019). Furthermore,
communicators held their finger near the selected stimulus for longer when their
pointing movement was required to communicate the target identity to the addressee

(Becchio et al., 2010; Langavant et al., 2011; Peeters et al., 2015; Krishnan-Barman et
al., 2017; Murillo Oosterwijk et al., 2017). The novel finding of this study is that the
sensorimotor system controls the trajectory of referential pointing by integrating the

communicative demands of the task and the spatial perspective of the addressee

(“interactive model”). Both communicative demand and Level-2 perspective-taking

processes influenced motor responses in a similar manner, i.e. lengthened trajectories

from an early stage of the pointing movement. Crucially, the effect of Level-2

perspective-taking on pointing trajectories decreased when communicators conveyed

instructive information to addressees (communicative pointing), as compared to when

communicators predicted addressees’ response (non-communicative pointing). This

evidence for the “interactive model” argues against the alternative possibility of a

functional independence between i) identification of a relevant stimulus according to
perspective-taking

demands,

and

ii)

movement

specification

according

to

communicative demand. This possibility would have resulted in an effect of
perspective-taking limited to the planning stage (“two-steps model”), or independent

effects of perspective-taking and communicative demands during movement execution

(“leaky two-steps model”).

Effects of Communicative Demand
The CPT task effectively modulated the communicative demands experienced by the
communicators; they held their pointing finger near the end-position for longer when

they thought the addressee had to identify the correct referent by means of their

pointing movements. This observation is consistent with findings from other referential

pointing studies (Langavant et al., 2011; Murillo Oosterwijk et al., 2017; Peeters et al.,
2015; Winner et al., 2019), as well as naturalistic communicative interactions (Clark &

Murphy, 1982; Richardson et al., 2007; Hilbrink et al., 2015; Levinson, 2016). A longer

holding time allows the addressee to accumulate more sensory evidence about the end

location of the pointing finger (Bangerter, 2004; Sartori et al., 2009; Sacheli et al., 2013;

Vesper, Schmitz, et al., 2017). Furthermore, this study also confirms that increasing
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communicative demand led participants to generate longer movement trajectories,

starting shortly after movement onset (Murillo Oosterwijk et al., 2017; Winner et al.,
2019). A longer holding time and exaggerated trajectory provide a cue that, by virtue of

it being longer than necessary and thus instrumentally dysfunctional, ostensively

marks the action as communicative (Gredebäck & Melinder, 2010; Langavant et al.,
2011; Murillo Oosterwijk et al., 2017; Peeters et al., 2015; Cooney et al., 2018; Winner
et al., 2019).

Details of the experimental design and empirical observations exclude a number of
alternative interpretations. For instance, the effects of communicative demand were

not a by-product of increased trial-by-trial variability in the movement trajectories, or

systematic variations in the end location of the pointing finger. Neither could the effects
be attributed to feedback from the addressee, as the addressee’s responses were

matched across conditions, i.e. the confederate chose the item indicated by the
communicators regardless of the task condition (see Experimental Procedure).

Moreover, the addressee’s face was occluded by the barrier, so that the communicators

were unable to make use of social cues, like gaze or facial expressions (see Experimental
Setup and Fig 1.B).

It is important to emphasize that the effect of communicative demand on movement
trajectories occurred over and above the systematically longer trajectories and larger

variance observed in the joint than in the solo-task settings, across experimental

conditions. Taken together, these observations confirm that communicative demand

leads to kinematic re-organization of pointing movements (Chu & Hagoort, 2014; Kita

& Özyürek, 2003), generating a spatially exaggerated movement (Becchio et al., 2010;
Langavant et al., 2011; Krishnan-Barman et al., 2017; Murillo Oosterwijk et al., 2017;

Trujillo et al., 2020). These findings raise the possibility that communicative demand

leads individuals to change their motor control policy. More precisely, studies of

spatially-guided movements have repeatedly shown that participants tested in

isolation (as in the solo condition of this study) control the end-position of the pointing
finger (Todorov & Jordan, 2003; Nashed et al., 2012; Keyser et al., 2017) and/or

minimize spatial variability of the finger position (Wolpert et al., 1994; Harris &
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Wolpert, 1998; Wolpert & Ghahramani, 2000). In contrast, during referential pointing,
communicators might focus on trajectory control, leading to a tight integration between
communicative demands and sensorimotor trajectory control (Chu & Hagoort, 2014;
Murillo Oosterwijk et al., 2017; Winner et al., 2019).

Effects of Perspective-taking

When solving the CPT task, participants took longer to start their movement during

trials that required them to infer how the addressee perceived the referent. This

observation is in line with the established notion that PT2 requires additional cognitive

operations as compared to PT1, e.g. inhibition of one’s own perspective, and
transformation from an egocentric to an allocentric frames of reference (Michelon &

Zacks, 2006; Kessler & Rutherford, 2010; Samson et al., 2010; Galati & Avraamides,

2013; Surtees et al., 2016; Galati et al., 2019). The current study goes further in

providing novel evidence of how visuospatial perspective-taking affects spatial features

of movement performance. Trials requiring PT2 evoked longer trajectories than trials
requiring PT1. The effect started during the initial acceleration phase of the movement,
an indication that perspective-taking influences the forward kinematics of a movement
(Todorov & Jordan, 2003; Körding & Wolpert, 2004; Gallivan et al., 2018).

The effect of PT2 on pointing trajectory cannot be explained by trajectory adjustments
driven by visual feedback of the selected stimulus and its relation to the point of view

of the addressee. During performance of the pointing movements, both target and

stimuli disappeared from the communicator-screen and the main-screen; and the

whole barrier turned transparent. The results also revealed that variability of the

pointing trajectories, indexing movement correction, remained comparable across
levels of visuospatial perspective-taking. These observations suggest that the difference

in trajectory displacement is due to perspective-taking effects on the initial forward
kinematics of the pointing movements, computed during the planning phase before
movement onset.

It could be argued the effect of PT2 on pointing trajectory has a communicative goal,

e.g. participants ostensively mark their pointing movements for the addressee.
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However, this possibility does not explain why perspective-taking demand would lead
participants to selectively deploy an ostensive marker on the movement trajectory, but
then remove it from the holding time, where there are no differences between the two

perspective-taking conditions. This inconsistency in PT2 effects over the approach and

holding phases of the movement does not match with the effects of communicative
demands, where participants ostensively tag both phases of the movement.

Studies on the impact of different frames of reference in coding spatial targets of a
movement offer an alternative interpretation of the effect of PT2 on pointing trajectory.
Specifically, it is possible that the communicators’ coding of the location of the selected
stimulus was influenced by the use of different frames of reference in perspective-

taking conditions. More precisely, a transformation from egocentric to allocentric frame
of reference in PT2 trials. An allocentric frame is required for communicators
estimating how the stimuli were perceived by the addressee. In contrast,
communicators could estimate whether the objects could be seen by the addressee
(PT1 trials) by sticking with an egocentric frame of reference (Hart & Moore, 1973;

Salatas & Flavell, 1976; Flavell et al., 1981; Michelon & Zacks, 2006; Kessler &
Rutherford, 2010; Crawford et al., 2011; Surtees et al., 2013). The sensorimotor system
uses those frames of reference when planning and executing a movement (Carrozzo et
al., 2002; Chen et al., 2011, 2014; Fiehler et al., 2014; Proulx et al., 2016). In this study,

participants aimed their movements at systematically different end-positions in PT1
and PT2, with comparable levels of movement correction (no difference in movement

variability), an indication of different initial forward kinematics in the two perspectivetaking conditions (Todorov & Jordan, 2003; Körding & Wolpert, 2004; Gallivan et al.,

2018). Therefore, it could be suggested that the effect of PT2 on pointing trajectory
might arises from differences in estimation of the stimulus location due to the different
frames of reference used to solve PT1 and PT2 problems.

Interaction Between Perspective-taking and Communicative Demands
The main finding of this study is the under-additive interaction between perspective-

taking and communicative demands, indicating that the sensorimotor system makes

use of the two types of information in an integrated manner. Communicators
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lengthened the pointing trajectories after implementing PT2 relative to PT1, but

proportionally less when they engaged in intentional communication, i.e. when

knowing that the addressee’s response depended on their pointing movements. The

interaction effect occurred after the initial acceleration phase of the movement, an
indication that the interaction is likely to reflect control processes occurring during
movement execution (Todorov & Jordan, 2003; Körding & Wolpert, 2004; Gallivan et

al., 2018). The under-additive nature of the interaction suggests a hierarchical order in
how perspective-taking and communicative information are integrated during

sensorimotor control. In communicative pointing, the motor controller could privilege

the trajectory constraints determined by the distal goal of the movement, i.e. to produce
a communicative signal that needs to be correctly interpreted by an addressee. Over-

lengthened trajectories, determined by a linear summation of the factors shaping the

main effects of perspective-taking and communicative demands, reduce the legibility of

the movement (Winner et al., 2019) and increase the noise level in sensorimotor system
(Harris & Wolpert, 1998; Wolpert et al., 2003; Faisal et al., 2008; Scott, 2004, 2016;

Schwartz, 2016), thus increasing the ambiguity experienced by the addressee when
interpreting

the observed

movement.

A motor controller

privileging

the

communicative demands of the movement would imply a reduction of the weight

allocated to visuospatial parameters estimated during PT2, i.e. over-estimation of

target distance observed in the main effect of perspective-taking. This hypothetical
change of control parameters (not only the end-position but also the entire trajectory)

would provide communicators with the means to finely adjust the pointing movement

for the addressee, and to follow the Gricean maxim of Quantity (Grice, 1975), i.e. to
generate behaviours as informative as required, rather than overly exaggerated
displays. These findings indicate that the sensorimotor system can actively integrate
differently types of conceptual knowledge. In summary, the effect of perspective taking

on trajectory length is present in non-communicative situations, but less so in

communicative ones, because then it is overruled by the communicative demands of
the situation.

Other empirical observations rule out the possibility that the interaction is a generic
effect of task difficulty, either from perspective-taking demand before target selection
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or from communicative demand at the end of pointing movements (holding stage); the
interaction effect was limited to a spatial feature of the pointing movements (trajectory

displacement), in the context of statistical evidence against similar interactions on
temporal features of those movements, throughout planning, approach, and holding

phases of the movements. It is also unlikely that the interaction is due to a ceiling effect
caused by biomechanical constraints (e.g. the participants could not adequately reach

the intended stimulus given their arm length), which should increase as the movement
approaches the intended stimulus; in that case, we should have observed stronger
interaction effects in the later section of the movement. However, the interaction effect
occurred in the middle section of the movement.
Interpretational Issues

The experimental design relies on a previously established operationalization of

visuospatial perspective-taking (Surtees et al., 2012, 2013, 2016) and did not include

additional conditions to demonstrate that participants considered the distance
between an observer and the visual stimulus (PT1), or the angular disparity between a

participant and an observer’s viewpoints (PT2). The findings of the perspective-taking

manipulation are consistent with previous studies that have differentiated PT2 from

PT1, but could be tested further by manipulating mental rotation demands in
perspective-taking. However, we would like to emphasize that the experimental setup

ensures communicators used PT1 and PT2 in the corresponding trials. Namely, due to

the varying arrangement of transparent and opaque elements of the barrier, during PT1

trials the communicator needed to consider which of multiple potential stimuli were
visible from the addressee’s point of view. Simply pointing to one of the stimuli visible

to the communicator was not a viable option. Similarly, during PT2 trials, we used

targets that appeared different from the communicator’s and addressee’s perspectives,
and that were intermixed with left-right-mirrored versions. Accordingly, during PT2

trials the communicator needed to adopt the addressee’s perspective to determine how
the target would look. Simply pointing to the mirror copy of the target was not a viable
option (see Participants and Experimental Task and Design).
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It can be seen that participants produced systematically longer trajectories in the joint

than in the solo-task settings, across experimental conditions. This observation extends
the notion that joint task settings enhance perspective-taking beyond the selection of

the correct referent (Freundlieb et al., 2016, 2017), showing that joint-task settings

change how participants spatially organize their movements (Creem-Regehr et al.,
2013; Proffitt & Linkenauger, 2013; Ciardo et al., 2016; Proulx et al., 2016; Ondobaka et
al., 2017; Coello et al., 2018). More generally, the current findings raise the possibility

that movements with different distal goals use different control policies, providing a

structural ground to descriptive differentiations between instrumental, coordinative,
and communicative functions of body movements (Vesper & Sevdalis, 2020).

It could be argued that because the task involved several repetitions of the same

movements, the participants might have produced stereotypical responses that are
qualitatively different from the occasional referential pointing movements occurring

during daily communicative interactions. However, participants consistently produced
movements that were sensitive to the communicative demands. Specifically,

participants produced more ostensive movements during communicative than non-

communicative trials throughout the experiment. To understand the mechanistic
implementation of human communication, it is fundamental to use experimental
settings that allow pairs of individuals to coordinate on a trial-by-trial basis (Redcay &

Schilbach, 2019; Wheatley et al., 2019), while retaining the ability to quantify their

behaviour under controlled and reproducible conditions. However, it remains to be
seen whether the current findings, obtained in the context of highly controlled

experimental conditions, can be generalized to settings involving the same fundamental

phenomenon, but more communicative options, as during natural dialogue with cospeech gestures.

It could also be argued that the use of a confederate might introduce biases in the

findings, similar to those reported during face-to-face dialogue (Kuhlen & Brennan,

2013). However, the current settings involve non-verbal stereotyped responses with
considerably fewer degrees of freedom than multimodal utterances in spoken dialogue.
Furthermore, there was no demand on the confederates to deceive the participants, nor
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possibilities for the confederates to provide their response in a different manner.

Accordingly, the minimal risks of using a confederate in the current circumstances
should be weighed against the interpretational advantage of excluding differences in
the behaviour of the addressee as a source of experimental effects.

Conclusions
This study provides evidence that the sensorimotor system makes use of
communicative and perspective-taking information in planning and controlling

pointing trajectories, suggesting that during movement execution, communicative

constraints are prioritized over the spatial biases evoked by perspective-taking. The
finding contributes to understanding the interface between sensorimotor and
conceptual abilities in humans, showing that communicative and perspective-taking

knowledge penetrates the sensorimotor system. Put differently, sensorimotor

processes are not a simple production mechanism, downstream to and encapsulated
from cognitive decisions. This observation has consequences for models of human
communication. It implies that the format of communicative and perspective-taking

knowledge needs to be commensurate with the movement dynamics controlled by the
sensorimotor system. The current study highlights the value of bridging largely

separated research traditions in sensorimotor control and human communicative
behaviour, including co-speech gestures and other referential actions, and it opens the
way for studying neural mechanisms integrating other agents’ knowledge into

communicators’ behaviour under controlled yet ecologically-relevant experimental

conditions.
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Two interlocutors have no direct access to each other’s internal mental state; however,

they can easily convey, understand and coordinate their private ideas by virtue of their
observable movements, such as a simple pointing gesture. However, the underlying

mechanisms are rather complex. In the present thesis, I studied the perception and
production of communicative action, using psychopharmacological manipulations,
MEG, and kinematic recordings. In this final chapter, I will summarize the primary
findings of the thesis and highlight several suggestions for future research.

Summary of the main findings
Previous studies indicated that the mentalizing network is important for inferring

communicative intentions and sending feedback information to the action observation

network to predict future actions of the interlocutor (Liu, 2016; Trujillo et al., 2020). In
Chapter 2, I further investigated the perceptual consequences of such communication-

induced prediction. The study found that communicative motion sequences were

perceived as shorter in duration compared to non-communicative motion sequences,
suggesting that communication-induced predictions led perceivers to bind the

interactants’ actions temporally closer together. Moreover, this temporal compression
effect of communicative movements was mediated by the oxytocin signaling pathway.

When oxytocin receptors were blocked by atosiban, the temporal compression effect
was significantly reduced. As social animals, we are endowed with various levels of

sensitivity to social signals, as if perceiving the world through lenses imprinted with

our social proficiency. Intranasal oxytocin administration restored the temporal

compression effect on communicative movements in socially less proficient individuals
and increased this effect on potentially communicative movements in socially more
proficient individuals. These findings affirmed the generic role of oxytocin in

sharpening the social saliency of communicative movements (Shamay-Tsoory & AbuAkel, 2016).

Besides allocating attention towards socially relevant stimuli, oxytocin regulates a wide

range of complex social behaviors, likely in an adaptive fashion over time (Ebitz & Platt,
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2014). Chapter 3 aimed to investigate the question how oxytocin modulates recipient

design as it develops progressively over an interaction. In that context, communicators

need to integrate global information regarding addressees’ traits with local information
derived from real-time addressee’s behaviors. The results showed that, instead of

generically increasing the level of communicative adjustment for a child-addressee,
oxytocin accelerated communicative adjustments, leading to more efficient recipient

design. In contrast to those who received placebo administration, participants who

received intranasally administrated oxytocin were faster in reducing variability in their

communicative adjustments, likely in response to the matched responses of the
addressees, regardless of the information of the addressees’ identity that had been

revealed to the communicator. These observations indicated that participants who

received oxytocin administration made communicative contributions that were as
informative as required, as proposed by Grice's maxim of quantity (Grice, 1975), by

considering the recent communicative history and down-weighing their original
expectations about the abilities of a child vs. adult addressee. Moreover, the magnitude
of the oxytocin-related dynamic communicative adjustment was proportional to
increased broadband aperiodic MEG power, an index of local synaptic activity, in the
ventral prefrontal cortex. The findings of Chapters 2 and 3 support one of the notions

proposed by the multistage framework of oxytocin (Gangopadhyay et al., 2021;

Pehlivanoglu et al., 2020; Piva & Chang, 2018), integrating different frameworks in
multiple stages. That is, the social saliency framework better accounts for the faster and
earlier attention and perception processes, whereas the affective and motivational
dichotomy framework better describes the slower and later affective valuation and
decision formation processes.

Rather than being a mere epiphenomenon of language, referential pointing itself can
evoke recipient design that requires the communicator to incorporate communicative

demands and sensorimotor control parameters (Langavant et al., 2011; Murillo
Oosterwijk et al., 2017; Peeters et al., 2015; Winner et al., 2019). Chapter 4 explored
how spatial representation and communicative demands were integrated at the
interface with the sensorimotor system during referential pointing. The study found
that both communication and perspective-taking effects started early, i.e. before
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reaching the first peak velocity. As it takes time to change or cancel a movement

planned beforehand, the early effects of communication and perspective-taking

indicate that the two factors were programed already in the forward model of the
movement (Gallivan et al., 2018; Körding & Wolpert, 2004; Todorov & Jordan, 2002).

This finding contributes to our understanding of the interface between sensorimotor
and conceptual abilities in humans, showing that communicative and perspective-

taking knowledge penetrate the sensorimotor system. Moreover, participants
produced referential pointing that was as informative as required, rather than overly

exaggerated displays, namely, trajectories in different perspective-taking conditions
became more alike, if the movement was make for a communicative purpose. The
under-additive nature of the interaction suggests a hierarchical order in how
perspective-taking

and

communicative

information

are

integrated

during

sensorimotor control: communication pervasively shaped the trajectory as a distal
intentional goal that sits on top of the control hierarchy.

Future directions
In the following section, I present some future directions that arise from results of this
thesis in relation to face-to-face interaction and the sociocognitive function of oxytocin.
Establishing causal inference using hyperscanning and neural stimulation

Empirical research has demonstrated that motivational, cognitive, and neural
processes of interlocutors in face-to-face interaction are fundamentally different from

those enabling passive observation in isolated scenarios or interaction with inanimate
agents (Schilbach et al., 2013). In line with this idea, Chapter 3 showed the temporal

development of recipient design while participants integrated their global beliefs about
their interacting partners and their ongoing communicative experience. Chapter 4 and
a couple of other studies from our research group (Murillo Oosterwijk et al., 2017;

Winner et al., 2019) also indicated that communicative demands pervasively influenced
the trajectory formation of referential pointing movements. Along with the theoretical
innovation of “second-person social neuroscience”, some state-of-the-art technologies
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that allow researchers to record neural activity simultaneously from two or more
interlocutors have been developed. Increased brain-to-brain coupling has been

reported in various social contexts, such as mutual gaze (Saito et al., 2010), joint action
(Zimmermann et al., 2021), economic games (Tang et al., 2016), and language
production and comprehension (Jiang et al., 2021). This approach will make it possible

to explore mechanisms supporting real-time interpersonal coordination and collective
behaviors (Hasson et al., 2012; Wheatley et al., 2019).

Despite of the inspiring observations from hyperscanning, it is still important to

validate this approach in establishing causal inferences between brain-to-brain

coupling and behavioral measures of social interaction (Gvirts Provolovski &
Perlmutter, 2021; Moreau & Dumas, 2021; Novembre & Iannetti, 2021). Namely, it

remains unclear to what extent inter-brain coherence serves as a neural mechanism of
social interaction, or whether it emerges as an epiphenomenon of the fact that

participants are exposed to the same physical stimuli and context. I propose three
prospective approaches that might provide us, step-by-step, with more mechanistic

knowledge of social interaction. First, the (short-term) temporal dynamics of partner-

specific behavioral and neural synchrony can provide evidence for interpersonal
coordination, against the epiphenomenal interpretation of inter-brain synchrony.

Achieving alignment between interlocutors needs rounds of social exchange and
negotiation (although it can occur within a relatively short time-window in some cases)

(Clark & Wilkes-Gibbs, 1986), thus, the temporal dimension contains important

information of how the alignment has been achieved. If the inter-brain coherence

indeed results from intentional communication between the interlocutors, the

temporal dynamics of inter-brain coherence shall reflect the progress of behavioral

alignment specific to the interacting pair. By contrast, it is less likely the case for the
same parameters recorded from two individuals who attend the same scene without

information gain and learning from each other, even though the two individuals can

have access to the same physical stimuli and contexts. Second, learning from social
interaction may have neuroplastic effects (Gweon, 2021; Shamay-Tsoory, 2021),

therefore,

investigating

the

relationships

between

long-term

social

connections/networks and inter-brain coupling will yield more substantial evidence of
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neural underpinnings of social interaction than a one-shot measure. It has been

demonstrated that, in contrast to strangers, a stronger inter-brain synchrony of pairs

with a closer relationship predicted more effective interaction and greater social

engagement (Kinreich et al., 2017; Leong et al., 2017; Pan et al., 2017). Future research

with neural recordings at different time-points along the group dynamics could be
informative to identify reliable biomarkers of interpersonal coordination for further
establishing a causal inference. Third, built on the former steps, perhaps the most

promising means of establishing the causal inference may rely on combining neural

stimulation with hyperscanning. Pan and colleagues (2021) put this attempt into
practice with the use of transcranial alternating current stimulation (tACS) in a

naturalistic learning setting. Specifically, they introduced tACS to both a musical

instructor and a learner simultaneously, and found that 6 Hz in-phase stimulation in
inferior frontal lobe facilitated song learning performance. I expect this approach will
open up a novel research avenue to examine neural mechanisms of multiple levels of
social interaction, from joint-action to conceptual coordination.

The multistage framework and optimization of intranasal-spray protocols
Chapters 2 and 3 studied perception and decision processes for implementing recipient

design. I showed that oxytocin induce superficially different effects at different time

scales. Specifically, oxytocin tonically increased perpetual sensitivity towards socially

relevant cues on a rapid, trial-by-trial basis. On the other hand, oxytocin modulated

communicative adjustments on a slower, multi-trials basis. In contrast to the proposal

that oxytocin functions as a “prosocial” hormone, oxytocin might affect social cognition
and behaviors by regulating multiple internal processes (Gangopadhyay et al., 2021;

Piva & Chang, 2018). Specifically, oxytocin might increase the saliency of socially

relevant stimuli on the perceptual map that assists individuals to assign value to

potential responses depending on what the individual reckons as socially more
appropriate, likely by interacting with the dopaminergic system (Dal Monte et al., 2017;

Love, 2014; Quintana, Rokicki, et al., 2019; Rokicki et al., 2021). Future investigation on
the multifaceted role of oxytocin in social cognition and behavior will need to allow a

broader bandwidth of social interaction, using experimental paradigms or test batteries
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that can systematically manipulate these various cognitive stages based on a unified
theoretical framework.

Moreover, as summarized in Chapter 1, animal and human studies have demonstrated
the privilege of nose-to-brain pathways of intranasal administration of oxytocin,

according to the negative effect of intravenous control (Galbusera et al., 2017; Lee et al.,

2018, 2020). One remaining question on intranasal administration of oxytocin focuses

on the most effective dose (Guastella et al., 2013; Winterton et al., 2021). Some studies

have introduced control conditions of different doses and suggested an inverted Ushaped dose-response curve of oxytocin (Cardoso et al., 2013; D. Martins, Broadmann,

et al., 2021; Spengler et al., 2017). However, the results of dose-dependent effect are far

from conclusive and only a few of them included neural imaging measures (see Table

1). It is plausible that the optimal level of oxytocin for different brain regions and/or

subregions varies, maybe due to the density of oxytocin and vasopressin receptors

(Martins, Broadmann, et al., 2021; Quintana et al., 2016). I expect that functional neuroimaging recordings will offer us further understanding regarding the dose-dependent

effect and valuable implications of optimizing protocols of the intranasal
administration of oxytocin.

Table 1. Summary of intranasal oxytocin dose-control human fMRI studies.
Study

Task

Doses (IU)

Dose-dependent effect

Quintana et al., 2016;
2019

emotional face
recognition

8 and 24

amygdala dampening
under 8 IU

Spengler et al., 2017

emotional face
recognition

12, 24 and 48

amygdala dampening
under 24 IU

Lieberz et al., 2020

emotional face
recognition

6, 12, and 24

Null

Zhao et al., 2017

self-processing

24 and 40

Null

Geng et al., 2018

emotional empathy

24 and 40

Null
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Martins et al., 2021

resting

9, 18 and 36

amygdala dampening
under lower doses

Conclusion
This thesis explored how recipient design is implemented during referential

communication and investigated the function of oxytocin in social perception and
cooperative interaction. The empirical observations suggest that rather than

generically boosts prosocial behavior of participants, oxytocin drives them to

contribute as much as needed during referential communication, avoiding unnecessary
communicative adjustments (Chapter 3) and overly exaggerated moving trajectories

(Chapter 4). Oxytocin might on the one hand make participants more sensitive to social

stimuli (Chapter 2), and on the other hand allow them to more efficiently integrate

different sources of social information dynamically, through modulating neural

responses in ventral prefrontal cortex (Chapter 3). Future research on intentional

communication will benefit from investigating the temporal development of behavioral
and inter-brain neural dynamics, combining hyper-stimuluation and hyper-scanning,

and optimizing protocols of intranasal administration of oxytocin.
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English summary
Interlocutors have no direct access to each other’s internal mental state; however, they

can easily understand, convey and coordinate their private ideas by virtue of their

observable action. In the present thesis, I studied the perception and production of

communicative action, using psychophysics experiments, psychopharmacological
manipulations, MEG, and kinematic recordings. Specifically, this thesis explored how
recipient design is implemented during referential communication and investigated the

function of oxytocin in social perception and recipient design. The empirical

observations suggest that oxytocin might, on the one hand, make participants more

sensitive to social stimuli; and, on the other hand, allow them to more efficiently
integrate different sources of social information when implementing reciepient design,

by modulating neural responses in ventral prefrontal cortex. Moreover, rather than

generically boosts prosocial behaviors, interlocutors contribute as much as needed
during referential communication, namely, avoiding unnecessary communicative
adjustments and overly exaggerated moving trajectories of referential pointing. Finally,

I proposed that future research on intentional communication will benefit from

investigating the temporal development of behavioral and inter-brain neural dynamics,

combining hyper-stimuluation and hyper-scanning, and optimizing protocols of
intranasal administration of oxytocin.
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Dutch summary
Gesprekspartners hebben geen directe toegang tot elkaars interne mentale toestand; ze
kunnen hun persoonlijke ideeën echter gemakkelijk begrijpen, overbrengen en

coördineren dankzij hun waarneembare actie. In dit proefschrift heb ik de perceptie en

productie van communicatieve actie bestudeerd, met behulp van psychofysische
experimenten, psychofarmacologische manipulaties, MEG en kinematische opnames.

Dit proefschrift onderzocht met name hoe het ontwerp van de ontvanger wordt

geïmplementeerd tijdens referentiële communicatie en onderzocht de functie van
oxytocine in sociale perceptie en het ontwerp van de ontvanger. De empirische
observaties suggereren dat oxytocine enerzijds de deelnemers gevoeliger zou kunnen

maken voor sociale stimuli; en aan de andere kant hen in staat stellen om verschillende

bronnen van sociale informatie efficiënter te integreren bij het implementeren van
ontvangerontwerp, door neurale reacties in de ventrale prefrontale cortex te
moduleren. Bovendien, in plaats van algemeen prosociaal gedrag te stimuleren, dragen
gesprekspartners zoveel bij als nodig is tijdens referentiële communicatie, namelijk het

vermijden van onnodige communicatieve aanpassingen en overdreven bewegende

trajecten van referentieel wijzen. Ten slotte stelde ik voor dat toekomstig onderzoek
naar intentionele communicatie baat zal hebben bij het onderzoeken van de temporele

ontwikkeling van gedrags- en inter-brain neurale dynamiek, het combineren van
hyperstimulatie en hyperscanning, en het optimaliseren van protocollen voor
intranasale toediening van oxytocine.
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