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Making sense of human interaction 
benefits from communicative cues
Dimitrios Kourtis1,2*, Pierre Jacob3, Natalie Sebanz2, Dan Sperber2,3 & Günther Knoblich2

We investigated whether communicative cues help observers to make sense of human interaction. 
We recorded EEG from an observer monitoring two individuals who were occasionally communicating 
with each other via either mutual eye contact and/or pointing gestures, and then jointly attending 
to the same object or attending to different objects that were placed on a table in front of them. The 
analyses were focussed on the processing of the interaction outcome (i.e. presence or absence of 
joint attention) and showed that its interpretation is a two-stage process, as reflected in the N300 
and the N400 potentials. The N300 amplitude was reduced when the two individuals shared their 
focus of attention, which indicates the operation of a cognitive process that involves the relatively 
fast identification and evaluation of actor–object relationships. On the other hand, the N400 was 
insensitive to the sharing or distribution of the two individuals’ attentional focus. Interestingly, the 
N400 was reduced when the interaction outcome was preceded either by mutual eye contact or by 
a perceived pointing gesture. This shows that observation of communication “opens up” the mind 
to a wider range of action possibilities and thereby helps to interpret unusual outcomes of social 
interactions.

Making sense of the social world involves not only interacting appropriately with others but also understanding 
interactions among others as a third-party observer. Such understanding may be facilitated by the more or less 
conventional role that verbal and non-verbal signals play in these interactions. Among these signals, mutual eye 
gaze and pointing have a particular importance. Both emerge early in human infancy before language and keep 
playing a major role in adult verbal and non-verbal communication.

Two- to five-day-old newborns have a preference for an agent’s face making eye contact with them rather than 
displaying an averted  gaze1. Ten-month-olds understand the significance of mutual eye contact between two 
individuals and expect a person to look at her partner during  conversation2. After seeing an agent make direct 
eye contact with them, 8-month-olds interpret the agent’s gaze shift as a referential  action3. Twelve-month-old 
human infants understand the communicative import of imperative pointing and point helpfully for another’s 
 benefit4. Fourteen-month-olds keep track of common ground when faced with an agent’s act of  pointing5. Fifteen-
month-olds point to request information from knowledgeable  adults6. Finally, eighteen-month-olds understand 
that joint attention is necessary for two agents to share a common goal and engage in joint  action7,8.

In adult interactions, all verbal or non-verbal communicative signals tend to have an open-ended range of 
contextually determined  interpretations9. Mutual eye contact between two individuals may often provide evi-
dence that their interaction is communicative, but it leaves the content of the communicated information wide 
open. In and of its own, it can convey diverse contextual  meanings10. It can also be used to coordinate turn-taking 
during  conversation11 and can modulate the tendency to follow others’  gaze12. In the context of joint action 
between two agents, pointing is typically taken by adults (and children) to result in joint attention. Whether 
used on its own or integrated with speech, it can, however, convey a much wider range of  interpretations13–16.

Here, we investigated how observing communicative signals between two agents determines expectations of 
interaction outcomes. We examined a situation in which participants viewed a sequence of three frames depict-
ing two interacting individuals seated at a table with two objects. First, one actor (the ‘communicator’) looked 
the other actor (the ‘recipient’) in the eyes and the latter either looked back or kept his/her eyes closed, with 
equal probability. Second, the communicator shifted his/her gaze and pointed at one of two objects on a table, 
and the recipient either saw the pointing gesture or had his/her eyes closed, with equal probability. Finally, the 
two actors either looked at the same or at different objects, with equal probability. We hypothesized that, as the 
action sequences evolved, the different communicative interactions observed would modulate perception and 
interpretation of the observed action sequence.
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To address this hypothesis, we recorded the electroencephalograms (EEG) of the participants, in order to 
investigate their brain activity with high temporal precision. Our analyses targeted two event related potentials 
(ERPs) of negative polarity that we expected to record during the observation of the final scene. The first ERP of 
interest, termed N300, peaks between around 250 and 350 ms after the onset of a visual image; it is considered 
to be specific to the processing of pictorial, non-verbal  stimuli17,18 and to reflect relatively fast processes related 
to the difficulty of identifying an object within the context of a visual  scene19. The second ERP of interest is the 
extensively studied N400, which peaks between 350 and 550 ms after the onset of stimulus (e.g. word, music note, 
action etc.) and is considered to reflect the operation of a multimodal comprehension system, which enables the 
construction of meaning through the binding of current contextual information and previous  experience20,21. The 
N400 is present in conditions of reduced  awareness22 and it is enlarged after the detection of semantic irregulari-
ties, including irregularities in action  sequences23.

We hypothesized that the implicit interpretation of the outcome of the action sequences in our experiment 
would take place in two stages, the first of which would involve the identification and categorization of the content 
of the final visual scene in relation to image-based representations in long-term memory (indexed by the N300 
 amplitude24,25). We expected that the N300 amplitude would depend on whether the two actors attended to the 
same or to different objects and that it might be smaller in the former condition, because it is more common for 
two people who are seated around a table to share the focus of attention.

We also hypothesized that the second stage of interpretation of the outcome of the action sequences would 
involve the binding of the content of the final visual scene with information that had been collected earlier during 
the observation of the first two visual scenes in the action  sequence20. We expected that the difficulty of making 
sense of a given interaction outcome would be reflected in the N400 amplitude, which should be enlarged when 
the absence of communicative signals makes the interpretation of the outcome a more complex  process23,25. With 
regard to effects of observing joint attention, we considered two contrasting hypotheses. If earlier observation 
of communicative signals generates implicit expectations of joint attention between the observed agents, then 
deriving the meaning of a visual scene in which the two actors attend to two different objects should be a more 
complex process compare to deriving the meaning of a visual scene in which the two actors attend the same 
object; consequently, the N400 amplitude should be larger in the latter case. If, on the other hand, the expectations 
generated by the observation of communicative signals take into account the relatively open range of interpreta-
tions and behaviours that may ensue after mutual gaze and pointing in adult communication, then, regardless 
of whether the actors end up attending to the same or to different objects, their behaviour should not be seen as 
semantically anomalous and the N400 amplitude should be similar in both conditions.

Methods
Participants. EEG data were recorded from twenty-four healthy volunteers (21 right-handed, 12 females, 
age = 27.1 ± 4.8 years). All participants had normal or corrected-to-normal vision and provided their informed 
consent after full explanation of the study. All methods were carried out in accordance with relevant guidelines 
and regulations. The study was approved by the United Ethical Review Committee for Research in Psychology 
(EPKEB) in Hungary.

Experimental setup and procedure. The experiment was run in a quiet, normally illuminated room. 
The participants were seated comfortably in front of a table with their index fingers placed on pre-designated 
keys on a standard keyboard. Stimuli were presented centrally on a 17’’ PC screen, located approximately 80 cm 
from the participants.

Each trial consisted of a sequence of three frames (27 × 15 cm) (Fig. 1). The first frame was displayed for 
1.5 s, the second frame for 1.8 s and the third frame for 1 s. The durations of displays were selected with the 
aim of approximating a natural sequence of events and providing enough time to the participants to explore the 
relevant aspects of each scene.

The first frame depicted two actors (either a couple of females or a couple of males) seated at adjacent sides of a 
rectangular table that was covered by a black tablecloth (Fig. 1). The actors were confederates of the experimenter 
and they provided their informed consent for the use of the photos as experimental stimuli and for publication 
in an on-line open access academic journal, after full explanation of the purpose of the study. The photos were 
taken and processed by the first author of the present article at the CEU Social Body and Mind (SOMBY) lab. 
Two nearly identical Japanese clay mugs were placed along one diagonal of the table at equal distances from 
each person. The two actors had their heads turned towards the midline, in order to face each other. The eyes 
of one actor (the “communicator) were always open, whereas the eyes of the other actor (the “recipient”) were 
either open or closed with equal probability. Thus, the two actors established mutual eye contact in 50% of the 
trials. The second frame depicted the communicator looking and pointing at one of the objects using his/her 
right index finger. The eyes of the recipient were either open or closed with equal probability. Thus, the recipient 
perceived the pointing gesture in 50% of the trials. The third frame depicted the communicator looking at the 
previously pointed object, whereas the recipient looked either at the same or at the other object with equal prob-
ability. Thus, the two actors looked at the same object in 50% of the trials. This resulted in eight experimental 
conditions (Table 1).

The participants’ task was to attend to the frames. In order to acquire an index of their level of attention, “catch 
trials” were randomly interspersed within the “standard trials”. The catch trials differed from the standard trials 
in that the frame sequence was followed by a question, which referred to one of the preceding frames with equal 
probability. Specifically, the questions were:

– Did the recipient look the communicator in the eyes? (Reference to frame 1).
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– Did the recipient perceive the pointing gesture? (Reference to frame 2).
– Did both persons look at the same object? (Reference to frame 3).

The participants were asked to answer each question with “yes” or “no”, by pressing one of the designated 
keys (“m” and “z”). The correspondence between the two keys and the answers were counterbalanced across 
participants. The question remained on the screen until the participants responded. After each response, the 
participants received feedback, which consisted of the words ‘Correct’ or ‘Incorrect’ and was visible for 200 ms. 
Thus, the emphasis was put on the accuracy of the response. The participants were explicitly instructed to take 
as much time as necessary in order to provide an accurate response.

The experiment consisted of eight blocks. Each block had an approximate duration of 7 ½ minutes and con-
sisted of 72 trials, 12 of which were catch trials. The inter-trial interval was randomized between 2.5 and 3.5 s. 
In half of the blocks, the communicator was on the left side of the screen and in the other half on the right side. 

Figure 1.  Example of an experimental trial. In frame 1, the recipient has her eyes open (i.e. mutual eye contact). 
In frame 2, the recipient has her eyes closed (i.e. no perception of the pointing gesture). In frame 3, the recipient 
does not look at the object to which the communicator had previously pointed. In 16% of the trials, the frame 
sequence was followed by a question that referred to one of the preceding frames. Feedback ([Correct] or 
[Incorrect]) was given after each response.

Table 1.  Experimental conditions.

Condition
Mutual eye contact 
in frame 1

Recipient perceives the 
pointing gesture in frame 2

The two actors look at the 
same object in frame 3

1 Yes Yes Yes

2 Yes Yes No

3 Yes No Yes

4 Yes No No

5 No Yes Yes

6 No Yes No

7 No No Yes

8 No No No



4

Vol:.(1234567890)

Scientific Reports |        (2020) 10:18135  | https://doi.org/10.1038/s41598-020-75283-3

www.nature.com/scientificreports/

The blocks were presented in an alternating fashion (communicator on the left, then communicator on the right 
and so on) and their order was counterbalanced across participants. The experimental blocks were preceded by 
two practice blocks of approximately 4 min each, one with the communicator on the left side and another one 
with the communicator on the right side.

Data acquisition. Participants’ key presses were recorded using a standard computer keyboard. EEG was 
recorded continuously from the participants using carefully positioned nylon caps (Acticap, BrainProducts 
GmbH, Germany) with 63 electrodes, arranged according to an extended version of the 10–20 system. All elec-
trodes were referenced to the right mastoid during recording. Vertical and horizontal eye movements were 
monitored by pairs of electrodes, positioned above and below the middle of the left eye and lateral to each eye, 
respectively. Electrode impedance was kept below 20 kΩ. EEG and EOG signals were amplified with a band-pass 
filter of 0–250 Hz by two BrainAmp DC Amplifiers (Brain Products GmbH, Gilching, Germany) and sampled 
at 500 Hz.

Data processing and analysis. EEG data processing was performed using Brain Vision Analyzer 2.1.0 
(Brain Products GmbH, Germany). EEG data were first re-referenced to the mean of both mastoid electrodes. 
The data were filtered using a low cut-off filter of 0.1 Hz (24 dB/octave) and a high cut-off filter of 40 Hz (24 dB/
octave) to remove the influence of slow drifts and excessive high-frequency noise, respectively. In addition, a 
notch filter at 50 Hz was used to suppress power line interference. Ocular Correction was performed on unseg-
mented data using the Gratton & Coles  algorithm26, as implemented in BrainVision Analyzer 2. Then, the data 
were segmented offline into epochs from 300 ms before until 1200 ms after the onset of frame 3. Semi-automatic 
artefact rejection was performed before averaging in order to remove individual trials containing remaining 
vertical eye movements or other EEG-related artefacts. An epoch was rejected when the difference between the 
maximum and minimum value at a single channel exceeded 100 µV. Averages were constructed separately for 
each condition and each participant. Finally, the data were baseline corrected relative to the time period from 
200 ms before until the onset of frame 3.

The amplitudes of the ERPs of interest were evaluated on a peak-to-peak basis. The N300 was quantified as 
the mean amplitude between 285 and 315 ms after frame onset with respect to the mean amplitude between 215 
and 245 ms after frame onset, whereas the N400 was quantified as the mean amplitude between 370 and 400 ms 
after frame onset with respect to the mean amplitude between 490 and 520 ms after frame onset. The selection 
of the time intervals of analyses were based on the aggregate grand average from trials (AGAT)27. Typically, 
the N300 as well as the N400 exhibit a topographical distribution along the midline of the scalp, although the 
distribution along the anterior–posterior axis varies across studies. Thus, we selected three regions of interest 
(ROIs) along the midline: an anterio-frontal ROI (mean activity from electrodes AFz, AF3, AF4, Fz, F1 and F2), 
a fronto-central ROI (mean activity from electrodes FCz, FC1, FC2, Cz, C1 andC2) and a centro-parietal ROI 
(mean activity from electrodes CPz, CP1, CP2, Pz, P1 and P2).

In order to get a complete picture of all the relevant cognitive processes, we also analysed the amplitude of the 
P300 potential, which is considered an indirect index of working memory  processes28–30. The P300 was quantified 
as the mean amplitude between 370 and 400 ms after frame onset with respect to the mean amplitude between 
285 and 315 ms after frame onset in the same ROIs as the N300 and N400 potentials.

Statistical analyses were performed by means of repeated measures 3 × 2 × 2 × 2 ANOVAs (Greenhouse–Geis-
ser corrected when assumption of sphericity was violated) with factors: ROI (anterio-frontal vs. fronto-central 
vs. centro-parietal), Mutual Eye Contact in frame 1 (‘yes’ vs. ‘no’), Perception of Pointing in frame 2 (‘yes’ vs. 
‘no’) and Joint Attention in frame 3 (‘attending to the same object’ vs. ‘attending to different objects’). Post-hoc 
multiple comparisons (Bonferroni correction applied) were performed by means of paired samples t-tests.

Results
Behavioural analysis. We considered the number of erroneous responses in the catch trials as a tentative 
index of the level of attention and task engagement. The mean number of errors were 9.46 ± 5.34 (range 1–19 
in 96 catch trials). More specifically, there were on average 4.46 ± 2.71 errors to the question referring to frame 
1 (range 1–10), 3.75 ± 2.83 errors to the question referring to frame 2 (range 0–9) and 1.25 ± 1.51 errors to 
the question referring to frame 3 (range 0–5). This corresponds to an overall response accuracy of 90.1 ± 9.9% 
(range 80.21–98.96%), which shows that our participants were quite accurate overall in recollecting, and there-
fore attending to, crucial features of the interaction.

EEG analysis. The statistical evaluation of the N300 amplitude (Fig. 2) revealed a significant main effect 
of ROI (F(2,46) = 17.0, p < 0.001, np

2 = 0.425), because the N300 amplitude was larger over fronto-central areas. 
Importantly, there was a significant main effect of Joint Attention (F(1,23) = 5.6, p = 0.027, np

2 = 0.195), because 
the N300 was larger when the participants observed the two actors attending to different objects. There was 
also a significant 3-way ROI × Mutual eye contact × Perception of pointing interaction (F(2,46) = 7.0, p = 0.006, 
np

2 = 0.234), but it is not possible to provide a reliable interpretation because none of the related 2-way interac-
tions were statistically significant. No other main effect or interaction reached statistical significance (ps > 0.14).

The statistical evaluation of the N400 amplitude (Fig.  2) revealed a significant main effect of ROI 
(F(2,46) = 26.4, p < 0.001, np

2 = 0.534), because the N400 amplitude was larger primarily over anterio-frontal, 
but also over fronto-central areas, and much smaller over centro-parietal areas. The main effect of Joint Atten-
tion was not significant (p = 0.201), but there was as a significant ROI x Joint Attention interaction (F(2,46) = 6.5, 
p = 0.011, np

2 = 0.220). Post-hoc paired t-tests showed that there was no difference over anterio-frontal areas 
(p = 0.708), over fronto-central areas (p = 0.387) or over centro-parietal areas (p = 0.033) (given the adjusted level 
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of significance of 0.017 to account for multiple comparisons). More importantly with regards to the purpose of 
this study, there was a significant main effect of Mutual Eye Contact (F(1,23) = 7.5, p = 0.012, np

2 = 0.246), because 
the N400 was larger when the two actors had not engaged in mutual eye contact in frame 1. Additionally, there 
was a significant main effect of Perception of Pointing (F(1,23) = 5.8, p = 0.025, np

2 = 0.201), because the N400 
amplitude was larger when the recipient had not perceived the pointing gesture in frame 2. No other interactions 
were statistically significant (ps > 0.065).

The statistical evaluation of the P300 amplitude (Fig.  2) revealed a significant main effect of ROI 
(F(2,46) = 13.6, p = 0.001, np

2 = 0.372), because the P300 amplitude was larger over centro-parietal areas. No 
other main effects or interactions were statistically significant (ps > 0.069).

Discussion
We investigated whether the observation of non-verbal communicative signals facilitates the interpretation of 
uncommon interaction outcomes that involve two individuals jointly attending to the same object or to differ-
ent objects. The EEG analysis identified two ERPs, namely the N300 and the N400, that were elicited during the 
observation of the final visual scene and are typically related to the on-line semantic processing of individual 
stimuli or sequences of pictorial, non-verbal  stimuli17,25. These are sometimes collectively referred to as the 
N300/N400  complex31. Interestingly in our study, the amplitude of the N300 was smaller when the two actors 
attended to the same object. However, it was insensitive to the observation of the preceding communicative 
signals, despite the fact that the attention of the observer was guided towards the observation of these signals 
via the inclusion of the “catch trials”. The N300 is believed to reflect the matching of visual input to long-term 
memory  representations24. It is enlarged when an object is perceived as incongruous within the context of a visual 

Figure 2.  ERP waveforms and mean amplitudes. Top Left Panel: Grand Average ERP waveforms of all 
conditions from representative electrode Cz (apex of the head). The blue and violet rectangles correspond to 
the selected time intervals for the peak-to-peak amplitude analysis of the N300 and N400, respectively. The 
rectangles with the red outlines correspond to the selected time intervals for the peak-to-peak amplitude 
analysis of the P300. Top Right Panel: Grand Average ERP waveforms separately for different conditions. The 
vertical lines indicate the onset of frame 3. Lower Panel: N300 and N400 amplitudes—the asterisks indicate 
statistically significant differences.
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 scene19,32,33. The incongruity in the present study did not arise from object-scene relationships, but from interper-
sonal attentional relationships that may be expected to a different degree, when two individuals are seated close 
to each other and occasionally interacting with each other. The enlarged N300 that occurred when the two actors 
attended different objects points to the operation of a relatively fast categorization process that considers the 
sharing of attentional focus between the two actors as the most common or perhaps the most congruous  event34.

In contrast to the N300, the N400 during the processing of the final visual scene was unaffected by whether 
or not the two actors shared attention, but it was smaller when the two actors had previously communicated 
via mutual eye contact or via a pointing gesture. The N400 is typically enlarged in relation to semantic incon-
gruities in verbal and non-verbal communication, and also in mathematics, action sequences and interpersonal 
 coordination25,32,35–37. It is believed to reflect the operation of a multimodal comprehension system that binds 
current contextual input with previous experiences in order to derive the meaning of any given  stimulus20,21,38. 
Hence, the N400 in the present study may reflect the difficulty in extracting meaning from the final visual scene 
in relation to expectations that were generated by the observation of the preceding events. This interpretation is 
supported by the presence of the P300 potential, which preceded the N400 and it is considered an indirect index 
of accessing working memory  processes28–30. The similar N400 amplitude when the two actors attended the same 
object or different objects supports the hypothesis that the absence of joint attention was not considered as a 
semantically anomalous event within the context of the present interaction, but rather as a possible outcome of 
an interaction between two agents. Our findings suggest that observing any communicative interaction between 
two agents triggers implicit anticipations of a wide range of possible interaction outcomes, which allows a person 
to make sense of typically unexpected situations.

Making sense of a social situation from the point of view of a third-party observer could be cognitively 
demanding, because the observer does not have access to the internal states of others and often has to rely only 
on contingencies and communicative signals that are not directed towards the  observer39. The ability to inter-
pret communicative signals, such as mutual eye contact and pointing gestures, and to predict the behaviour of 
others, develops early in human  life2,4. In many cases, communicative signals provide cues of the establishment 
of a psychological common ground between two agents and of their subsequent cooperative behaviour and/or 
joint attentional  interactions8,12.

The intriguing and seemingly paradoxical finding reported in the present study is that there seems to be a 
general expectation for joint attention that does not depend on prior observation of communication between 
two individuals (N300). However, after the communicative signals have been taken into account (N400), expec-
tations of joint attention turn out to be no stronger than expectations of divided attention. Mutual eye contact 
is one of the most common referential communicative signals, but its content is unknown to an observer and 
can only be inferred on the basis of preceding or succeeding events. For example, one may perceive mutual eye 
contact between two basketball players as a signal of communication, but in order to infer its content, one would 
need to observe what follows next (e.g. one player passing the ball to the other) and/or have knowledge of what 
preceded the mutual eye contact (e.g. a mishandling of the ball). Similarly, an observed pointing gesture may 
have a referential or an imperative character, but it is also subject to a wide range of interpretations. Our find-
ings suggest that mutual eye contact between two individuals as well as perceived pointing gestures are indeed 
interpreted as instances of communication in the eyes of a passive observer. However, instead of narrowing 
down the space of possible interpretations, they expand the space of interaction outcomes that is considered to 
be interpretable. Further research is required to determine the types of communicative interactions to which the 
observed expansion of expectations applies to. For example, future experiments could investigate situations in 
which the recipient would behave in an ostensibly uncooperative or unreliable manner. It is conceivable that the 
observation of those type of interactions would not generate expectations of joint attention even if it is preceded 
by mutual eye contact.

To conclude, the analysis of the observer’s electroencephalogram showed that the processing of interaction 
outcomes takes place in two stages. First, the observer categorizes and possibly evaluates present actor–object 
relationships based on representations stored in long-term memory. Then, the observer accesses information in 
working memory in order to bind the present scene with the events that took place earlier in the interaction and 
makes sense of all possible interaction outcomes. Importantly, our findings suggest that observation of commu-
nicative signals, such as mutual eye contact and pointing gestures, does not automatically generate expectations 
of joint attention but rather opens up the mind to a range of possible interaction outcomes.

Received: 6 April 2020; Accepted: 8 October 2020

References
 1. Farroni, T., Csibra, G., Simion, F. & Johnson, M. Eye contact detection in humans from birth. Proc. Natl. Acad. Sci. USA 99, 

9602–9605. https ://doi.org/10.1073/pnas.15215 9999 (2002).
 2. Beier, J. S. & Spelke, E. S. Infants’ developing understanding of social gaze. Child. Dev. 83, 486–496. https ://doi.org/10.111

1/j.1467-8624.2011.01702 .x (2012).
 3. Csibra, G. & Volein, A. Infants can infer the presence of hidden objects from referential gaze information. Br. J. Dev. Psychol. 26, 

1–11. https ://doi.org/10.1348/02615 1007X 18598 7 (2008).
 4. Behne, T., Liszkowski, U., Carpenter, M. & Tomasello, M. Twelve-month-olds’ comprehension and production of pointing. Br. J. 

Dev. Psychol. 30, 359–375. https ://doi.org/10.1111/j.2044-835X.2011.02043 .x (2012).
 5. Liebal, K., Behne, T., Carpenter, M. & Tomasello, M. Infants use shared experience to interpret pointing gestures. Dev. Sci. 12, 

264–271. https ://doi.org/10.1111/j.1467-7687.2008.00758 .x (2009).
 6. Begus, K. & Southgate, V. Infant pointing serves an interrogative function. Dev. Sci. 15, 611–617. https ://doi.org/10.111

1/j.1467-7687.2012.01160 .x (2012).

https://doi.org/10.1073/pnas.152159999
https://doi.org/10.1111/j.1467-8624.2011.01702.x
https://doi.org/10.1111/j.1467-8624.2011.01702.x
https://doi.org/10.1348/026151007X185987
https://doi.org/10.1111/j.2044-835X.2011.02043.x
https://doi.org/10.1111/j.1467-7687.2008.00758.x
https://doi.org/10.1111/j.1467-7687.2012.01160.x
https://doi.org/10.1111/j.1467-7687.2012.01160.x


7

Vol.:(0123456789)

Scientific Reports |        (2020) 10:18135  | https://doi.org/10.1038/s41598-020-75283-3

www.nature.com/scientificreports/

 7. Tomasello, M. & Carpenter, M. Shared intentionality. Dev. Sci. 10, 121–125. https ://doi.org/10.1111/j.1467-7687.2007.00573 .x 
(2007).

 8. Tomasello, M., Carpenter, M., Call, J., Behne, T. & Moll, H. Understanding and sharing intentions: The origins of cultural cogni-
tion. Behav. Brain Sci. 28, 675–691. https ://doi.org/10.1017/S0140 525X0 50001 29 (2005).

 9. Sperber, D. & Wilson, D. Beyond speaker’s meaning. Croatian J. Philos. 15, 117–149 (2015).
 10. Goffman, E. Behavior in Public Places (Free Press of Glencoe, New York, 2013).
 11. Rossano, F. Gaze in conversation. In The Handbook of Conversation Analysis (eds Sidnell, J. & Stivers, T.) 308–329 (Wiley Blackwell, 

Malden, 2013).
 12. Böckler, A., Knoblich, G. & Sebanz, N. Observing shared attention modulates gaze following. Cognition 120, 292–298. https ://doi.

org/10.1016/j.cogni tion.2011.05.002 (2011).
 13. Brinck, I. The pragmatics of imperative and declarative pointing. Cogn. Sci. Q. 3, 429–446 (2004).
 14. Gärdenfors, P. The Geometry of Meaning: Semantics Based on Conceptual Spaces (MIT Press, Cambridge, 2014).
 15. Lücking, A., Pfeiffer, T. & Rieser, H. Pointing and reference reconsidered. J. Pragmat. 77, 56–79. https ://doi.org/10.1016/j.pragm 

a.2014.12.013 (2015).
 16. Wharton, T. Pragmatics and Non-verbal Communication (Cambridge University Press, Cambridge, 2009).
 17. Barrett, S. E. & Rugg, M. J. Event-related potentials and the semantic matching of pictures. Brain Cogn. 14, 201–212. https ://doi.

org/10.1016/0278-2626(90)90029 -N (1990).
 18. McPherson, W. B. & Holcomb, P. J. An electrophysiological investigation of semantic priming with pictures of real objects. Psy-

chophysiology 36, 53–65. https ://doi.org/10.1017/s0048 57729 99711 96 (1999).
 19. Truman, A. & Mudrik, L. Are incongruent objects harder to identify? The functional significance of the N300 component. Neu-

ropsychologia 117, 222–232. https ://doi.org/10.1016/j.neuro psych ologi a.2018.06.004 (2018).
 20. Kutas, M. & Federmeier, K. D. Thirty years and counting: Finding meaning in the N400 component of the event-related brain 

potential (ERP). Annu. Rev. Psychol. 62, 621–647. https ://doi.org/10.1146/annur ev.psych .09300 8.13112 3 (2011).
 21. Amoruso, L. et al. N400 ERPs for actions: Building meaning in context. Front. Hum. Neurosci. 7, 57. https ://doi.org/10.3389/fnhum 

.2013.00057  (2013).
 22. Vogel, E. K., Luck, S. J. & Shapiro, K. L. Electrophysiological evidence for a postperceptual locus of suppression during the atten-

tional blink. J. Exp. Psychol. Hum. Percept. Perform. 24, 1656–1674. https ://doi.org/10.1037/0096-1523.24.6.1656 (1998).
 23. Reid, V. M. & Striano, T. N400 involvement in the processing of action sequences. Neurosci. Lett. 433, 93–97. https ://doi.

org/10.1016/j.neule t.2007.12.066 (2008).
 24. Schendan, H. E. & Kutas, M. Neurophysiological evidence for two processing times for visual object identification. Neuropsychologia 

40, 931–945. https ://doi.org/10.1016/S0028 -3932(01)00176 -2 (2002).
 25. West, C. & Holcomb, P. J. Event-related potentials during discourse-level semantic integration of complex pictures. Cogn. Brain 

Res. 13, 363–375. https ://doi.org/10.1016/S0926 -6410(01)00129 -X (2002).
 26. Gratton, G., Coles, M. G. & Donchin, E. A new method for off-line removal of ocular artifact. Electroencephalogr. Clin. Neurophysiol. 

55, 468–484. https ://doi.org/10.1016/0013-4694(83)90135 -9 (1983).
 27. Brooks, J., Zoumpoulaki, A. & Bowman, H. Data-driven region-of-interest selection without inflating Type I error rate. Psycho-

physiology 54, 110–113. https ://doi.org/10.1111/psyp.12682  (2017).
 28. Polich, J. Updating P300: An integrative theory of P3a and P3b. Clin. Neurophysiol. 118, 2128–2148. https ://doi.org/10.1016/j.clinp 

h.2007.04.019 (2007).
 29. Rac-Lubashevsky, R. & Kessler, Y. Revisiting the relationship between the P3b and working memory updating. Biol. Psychol. 148, 

107769. https ://doi.org/10.1016/j.biops ycho.2019.10776 9 (2019).
 30. Verleger, R. Effects of relevance and response frequency on P3b amplitudes: Review of findings and comparison of hypotheses 

about the process reflected by P3b. Psychophysiology 57, e13542. https ://doi.org/10.1111/psyp.13542  (2020).
 31. Draschkow, D., Heikel, E., Võ, M. L. H., Fiebach, C. J. & Sassenhagen, J. No evidence from MVPA for different processes underlying 

the N300 and N400 incongruity effects in object-scene processing. Neuropsychologia 120, 9–17. https ://doi.org/10.1016/j.neuro 
psych ologi a.2018.09.016 (2018).

 32. Wu, Y. C. & Coulson, S. Are depictive gestures like pictures? Commonalities and differences in semantic processing. Brain Lang. 
119, 184–195. https ://doi.org/10.1016/j.bandl .2011.07.002 (2011).

 33. Mudrik, L., Lamy, D. & Deouell, L. Y. ERP evidence for context congruity effects during simultaneous object–scene processing. 
Neuropsychologia 48, 507–517. https ://doi.org/10.1016/j.neuro psych ologi a.2009.10.011 (2018).

 34. Cohn, N., Paczynski, M., Jackendoff, R., Holcomb, P. J. & Kuperberg, G. R. (Pea)nuts and bolts of visual narrative: Structure and 
meaning in sequential image comprehension. Cogn. Psychol. 65, 1–38. https ://doi.org/10.1016/j.cogps ych.2012.01.003 (2012).

 35. Hagoort, P. Interplay between syntax and semantics during sentence comprehension: ERP effects of combining syntactic and 
semantic violations. J. Cogn. Neurosci. 15, 883–899. https ://doi.org/10.1162/08989 29033 22370 807 (2003).

 36. Niedeggen, M., Rosler, F. & Jost, K. Processing of incongruous mental calculation problems: Evidence for an arithmetic N400 
effect. Psychophysiology 36(307–324), 1999. https ://doi.org/10.1017/S0048 57729 99801 49 (1999).

 37. Shibata, H., Gyoba, J. & Suzuki, Y. Event-related potentials during the evaluation of the appropriateness of cooperative actions. 
Neurosci. Lett. 452, 189–193. https ://doi.org/10.1016/j.neule t.2009.01.042 (2009).

 38. Kuperberg, G. R. Separate streams or probabilistic inference? What the N400 can tell us about the comprehension of events. Lang. 
Cogn. Neurosci. 31, 602–616. https ://doi.org/10.1080/23273 798.2015.11302 33 (2016).

 39. Moore, C. & Barresi, J. The role of second-person information in the development of social understanding. Front. Psychol. 8, 1667. 
https ://doi.org/10.3389/fpsyg .2017.01667  (2017).

Acknowledgements
The authors would like to thank Dr. Mateusz Woźniak and Dr. James Strachan for their contribution in pro-
gramming the experiment and collecting EEG data, respectively. This research was supported by the European 
Research Council under the European Union’s Seventh Framework Program (FP7/2007–2013)/ERC (European 
Research Council) grant agreement 609819, SOMICS (https ://erc.europ a.eu/).

Author contributions
D.K., P.J., N.S., D.S., and G.K. contributed to the development of the concept and the study design. D.K. per-
formed data collection and analysis and drafted the manuscript. D.K., P.J., N.S., D.S., and G.K. provided critical 
revisions and approved the final version of the manuscript for submission.

Competing interests 
The authors declare no competing interests. All methods were carried out in accordance with relevant guidelines 
and regulations.

https://doi.org/10.1111/j.1467-7687.2007.00573.x
https://doi.org/10.1017/S0140525X05000129
https://doi.org/10.1016/j.cognition.2011.05.002
https://doi.org/10.1016/j.cognition.2011.05.002
https://doi.org/10.1016/j.pragma.2014.12.013
https://doi.org/10.1016/j.pragma.2014.12.013
https://doi.org/10.1016/0278-2626(90)90029-N
https://doi.org/10.1016/0278-2626(90)90029-N
https://doi.org/10.1017/s0048577299971196
https://doi.org/10.1016/j.neuropsychologia.2018.06.004
https://doi.org/10.1146/annurev.psych.093008.131123
https://doi.org/10.3389/fnhum.2013.00057
https://doi.org/10.3389/fnhum.2013.00057
https://doi.org/10.1037/0096-1523.24.6.1656
https://doi.org/10.1016/j.neulet.2007.12.066
https://doi.org/10.1016/j.neulet.2007.12.066
https://doi.org/10.1016/S0028-3932(01)00176-2
https://doi.org/10.1016/S0926-6410(01)00129-X
https://doi.org/10.1016/0013-4694(83)90135-9
https://doi.org/10.1111/psyp.12682
https://doi.org/10.1016/j.clinph.2007.04.019
https://doi.org/10.1016/j.clinph.2007.04.019
https://doi.org/10.1016/j.biopsycho.2019.107769
https://doi.org/10.1111/psyp.13542
https://doi.org/10.1016/j.neuropsychologia.2018.09.016
https://doi.org/10.1016/j.neuropsychologia.2018.09.016
https://doi.org/10.1016/j.bandl.2011.07.002
https://doi.org/10.1016/j.neuropsychologia.2009.10.011
https://doi.org/10.1016/j.cogpsych.2012.01.003
https://doi.org/10.1162/089892903322370807
https://doi.org/10.1017/S0048577299980149
https://doi.org/10.1016/j.neulet.2009.01.042
https://doi.org/10.1080/23273798.2015.1130233
https://doi.org/10.3389/fpsyg.2017.01667
https://erc.europa.eu/


8

Vol:.(1234567890)

Scientific Reports |        (2020) 10:18135  | https://doi.org/10.1038/s41598-020-75283-3

www.nature.com/scientificreports/

Additional information
Correspondence and requests for materials should be addressed to D.K.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://creat iveco mmons .org/licen ses/by/4.0/.

© The Author(s) 2020

www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Making sense of human interaction benefits from communicative cues
	Methods
	Participants. 
	Experimental setup and procedure. 
	Data acquisition. 
	Data processing and analysis. 

	Results
	Behavioural analysis. 
	EEG analysis. 

	Discussion
	References
	Acknowledgements


