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Summary

Linguistic communication is often regarded as an action conveying the speaker’s communicative
goal to the addressee. With both correlational (an fMRI study) and causal (a lesion study)
evidence, we demonstrated that communicative goals are represented in human premotor cortex.
Participants read scripts each containing a sentence said by the speaker with a goal of either a
promise, a request, or a reply. The fMRI results showed that the premotor cortex represented
more information on communicative goals than the perisylvian language regions. The lesion
study results showed that, relative to healthy controls, the understanding of communicative goals
was impaired in patients with lesions in the premotor cortex, whereas no reliable difference
between the healthy controls and lesion controls. These findings convergently suggest that the
premotor cortex is crucial for representing the goals conveyed by language, supporting the

theoretical view that linguistic communication can be seen as a goal-directed action.
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Introduction

Linguistic communication usually engages two interlocutors, a speaker and an addressee
(Brennan et al., 2010; Russell, 1950; Tylén et al., 2010). Linguistic theories, such as Sprachspiel
(Wittgenstein, 1953) and speech acts theory (Austin, 1975; Searle, 1969; 1985), propose that
language use is a communicative action conveying the speaker’s goal, which expresses what is
intended to be achieved, to the addressee. If linguistic communication is analogized as electric
circuit, the speaker’s utterance is the wire connecting the interlocutors’ minds, and the goal is the
current goes through the wire to transfer information. To interpret the transferred information,
understanding the speaker’s goal is an essential step for the addressee who seeks to respond
accordingly (Levinson, 2016). In other words, correctly understanding the speaker’s goal is

critical for a successful communication.

Depending on the speaker’s goals (Searle, 1969; 1985) , linguistic communications can
be categorized into commissives, directives, and assertives. By commissives, such as to promise
or to assure, the speaker shows his/her commitment to conduct a task. By directives, such as to
request or to order, the speaker obliges the addressee to conduct a task. While both commissives
and directives involve conducts of tasks which serve the intentions of the interlocutors,
assertives, such as replying to a query or stating a fact, involve the description of objective
situations which can be irrelevant to the interlocutors’ intentions. These categories can be
differentiated by the interlocutors’ attitudes toward the tasks, such as their willingness and their
evaluations on the cost-benefit of accomplishing the task (Pérez Hernandez, 2001; Searle and
Vanderveken, 1985). For example, by saying “I will write a recommendation letter for you” as a
promise, the speaker conveys a goal that can benefit the addressee, and hence the addressee

would have willingness to have the task accomplished by the speaker. By saying “please write a
3
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recommendation letter for me” as a request, the speaker conveys a goal that can benefit the
speaker, and hence the speaker would have willingness to have the task accomplished. By saying
“I wrote a recommendation letter for my student” as a reply to the question “what did you do this

morning?” the interlocutors have no clear attitude towards the task in the reply.

While linguistic communications are regarded as goal-directed actions in linguistic
theories, it is barely known how these communicative goals could be represented in the brain.
One straightforward prediction is that communicative goals are represented in brain areas that
subserve action programing or preparation. Consistent with this prediction, the co-evolution of
human’s linguistic ability and motor skills (e.g., tool use) has been highlighted from
neurophysiological, neurocognitive, and anthropological perspectives (Arbib, 2011;
Pulvermdiller, 2018; Rizzolatti and Arbib, 1998; Stout and Chaminade, 2012; Thibault et al.,
2021). As a demonstration, linguistic communications between tutors and learners can improve
the efficiency of learning to make Palaeolithic tools (Morgan et al., 2015), and the activation in
the premotor region of the human brain increases with the evolutionary progress of Palaeolithic
tool-making skills (Stout et al., 2008). Moreover, contributions of the premotor region to
communications through language or language-like manners are revealed not only in humans
(Dreyer and Pulvermdiller, 2018; Egorova et al., 2016; Hauk et al., 2004; Wilson et al., 2004), but
also in species including avian (Thompson et al., 2011), Cercopithecinae (Gil-da-Costa et al.,

2006), and Pan troglodytes (Bianchi et al., 2016).

For humans, the premotor cortex, consisting of the lateral premotor cortex (LPMC) and
medial premotor cortex (MPMC) (Mayka et al., 2006), are broadly involved in action-related
processes, such as action execution (Aziz-Zadeh et al., 2006), planning (Gallivan et al., 2013),

observation (Aziz-Zadeh et al., 2006), imitation (Aziz-Zadeh et al., 2006), and imagery
4
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(Pilgramm et al., 2016). Importantly, the premotor cortex is also found to play a crucial role in
human language processing (Arbib, 2011; 2016; Gallese, 2008; Gallese and Lakoff, 2005;
Hertrich et al., 2016; Pulvermdller, 2005; 2018; Pulvermiller and Fadiga, 2010). The premotor
cortex is involved in speech production and perception which engage explicit motor programing
of articulator organs (Wilson et al., 2004), as well as in language comprehension without such
explicit programing (Feng et al., 2017; Feng et al., 2021; Hauk et al., 2004; Postle et al., 2008;
van Ackeren et al., 2012). For example, the comprehension of written action verbs involves the
activation of the premotor cortex (Hauk et al., 2004), and the processing of action semantics is
interfered by transcranial magnetic stimulation (TMS) over the premotor cortex (Courson et al.,

2017; Willems et al., 2011).

Moreover, the premotor cortex is not only involved in the language processing that is
directly related to action semantics, but also involved in linguistic communications that are not
literally related to actions (Feng et al., 2021; Shibata et al., 2011; van Ackeren et al., 2012).
Relative to hearing statements of objective situations (e.g., ‘It is hot here’ with a picture of a
desert), hearing indirect requests (e.g., ‘It is hot here’ with a picture of a closed window) elicits
greater activations in the left LPMC and left MPMC (van Ackeren et al., 2012). Similarly, the
indirect reply (e.g., saying “it’s hard to give a good presentation”) to the addressee’s question
(e.g., “what did you think of my presentation?”) elicits increased activation in the medial frontal
cortex extending to the MPMC as compared with a literal reply (Feng et al., 2021; Shibata et al.,
2011). Relative to hearing prosodies conveying unambiguous communicative goals, hearing
prosodies conveying ambiguous goals engenders stronger activation in the MPMC (Hellbernd
and Sammler, 2018). Moreover, the premotor cortex is responsive not only to the ambiguity of

the communicative goals but also to the types of communicative goals (Egorova et al., 2016).
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Relative to a verbal assertive, a verbal request elicits increased activations in the bilateral

premotor cortex as well as in the left inferior frontal gyrus and temporal regions.

Given the usual concurrent involvement of the premotor cortex and the left lateralized
perisylvian language regions (Egorova et al., 2016; Feng et al., 2017; Feng et al., 2021; Shibata
et al., 2011), the latter of which are broadly involved in the processing of semantic and syntactic
information (Friederici, 2011; Friederici et al., 2017; Hagoort, 2017), it is unknown if the
premotor cortex functions more or less profoundly in representing communicative goals than the
perisylvian regions. The present study aims to test to what extent the premotor cortex plays a
critical role in representing different communicative goals when linguistic communications are
understood. To this end, we first conducted an fMRI study in which participants were instructed
to read scripts of linguistic communications, each of which contained a specific communicative
goal of the speaker. We expected that the different communicative goals conveyed in the scripts
can be decoded by the multivariate brain activation patterns. Considering the role of the
premotor cortex in representing action-related information, we predicted further that the
decoding of communicative goals is more pronounced in the premotor cortex than in the
perisylvian regions. Moreover, we predicted that the representation of communicative goals in
the premotor cortex is correlated with the interlocutors’ attitudes which are closely related to
communicative goals. We also conducted a lesion study on patients with brain lesions to assess
the causal role of the premotor cortex in representing communicative goals. We predicted that
the understanding of communicative goals would be impaired in the patient group with lesions in
the premotor cortex, relative to the patient group with lesions in other brain areas and to the

healthy control group.
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Results

Behavioral results of the fMRI study

We created 80 Chinese scripts, each of which began with a context introducing two interlocutors,
followed by a pre-critical sentence specifying the identity of the interlocutors (i.e., the speaker
and the addressee). The script ended with a critical sentence which was the speaker’s utterance to
the addressee. As shown in Table 1, depending on the context, the critical sentences conveyed
different communicative goals: 1) a promise (Promise condition); 2) a reply to the addressee’s
query (Reply-1 condition), serving as a control to the Promise condition; 3) a request (Request
condition); 4) a reply to the addressee’s query (Reply-2 condition), serving as a control to the
Request condition. The validity of these scripts in reflecting communicative goals was confirmed
by pilot evaluative results (Supplemental Information). In the pilot evaluation, for each script,
participants rated the extent to which communicative goals could be predicted by the features
revealed by Pérez Hernandez’s corpus study (2001): speaker’s will, speaker’s cost-benefit,
speaker’s pleasure, addressee’s will, addressee’s cost-benefit, addressee’s pleasure, the
performer’s capability, relative power and social distance between the interlocutors, and the
mitigation of the critical sentence. An exploratory factor analysis (EFA) revealed three
accounting factors for these features: the speaker’s attitudes, covering speaker’s will, cost-
benefit, and pleasure; the addressee’s attitudes, covering addressee’s will, cost-benefit, and
pleasure; and contextual information, covering relative power, social distance, and the mitigation
(see Supplemental Information for the statistics). The feature of the performer's capability had
loadings lower than 0.3 on any of the three accounting factors and hence was not considered as

explainable by either factor.
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The reliability and the validity of these scripts were further confirmed by the same pattern
of rating results obtained from the fMRI participants after the fMRI scanning. Bayesian logistic
mixed models were applied on the post-scanning ratings to estimate model coefficients of the
features in predicting the pair-wise communicative goals, “Promise vs. Reply-1" and “Request
vs. Reply-2”, respectively (Figure 1b and Table S3). Results showed that, for “Promise vs. Reply-
17, the ratings of addressee’s will, cost-benefit, and pleasure were higher for Promise than for
Reply-1 while the ratings of speaker’s cost-benefit and social distance were lower for Promise
than for Reply-1; for “Request vs. Reply-2”, the ratings of speaker’s will, cost-benefit, and
pleasure and relative power were higher for Request than for Reply-2 while the ratings of
addressee’s will, cost-benefit, and pleasure and the mitigation were lower for Request than for
Reply-2. A further confirmatory factor analysis (CFA) on the post-scanning ratings was
conducted to confirm the appropriateness of the three-factor model obtained by the above EFA
and to show a good fit of the three-factor model (Figure 1c; CFI =0.92, TLI = 0.88, RMSEA =

0.11).
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Figure 1 | Experimental procedure and behavioral results of the fMRI study. a, In each trial,
the context, the pre-critical sentence, and the critical sentence were presented sequentially in
written form. The critical sentence is enclosed by the dashed red rectangle (not shown in the
actual experiment). In 24 catch trials (30% of all trials), participants were instructed to respond
to a comprehension question. b, Results of Bayesian logistic mixed modelling. The posterior
estimate of the fixed effect (vertical axis) for each feature (horizontal axis) in the “Promise vs.
Reply-1" model (upper panel, red) and the “Request vs. Reply-2” model (lower panel, turquoise)
are illustrated. The solid dots represent mean posterior estimates, the error bars represent 95%
credible intervals (Crls). A 95% Crl excluding 0 indicates a statistically significant predictability
of the corresponding feature. c, The three-factor model of the CFA. The ellipses represent the
accounting factors and the rectangles represent the features. The correlations between the
accounting factors and the loadings of the accounting factors on the features are embedded in the

arrows.
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Multivariate pattern classifications (MVVPCs) of fMRI data

In the fMRI experiment, each participant read the written scripts during the fMRI scanning
(Figure 1a). We asked if the critical sentences that conveyed different communicative goals
induced different patterns of BOLD signals in the premotor cortex that could be discriminated by
multivariate pattern classification (MVPC). The univariate analysis did not reveal significant
effects related to the aim of this study (Supplemental Information). Regions of interest (ROIs)
within the perisylvian regions, including the BA44 division of Broca’s area (left BA44), the
BA45 division of Broca’s area (left BA45), left middle temporal gyrus (LMTG), and left
superior temporal gyrus (LSTG) (Friederici et al., 2017), were defined in addition to the
premotor cortex. The lateral premotor cortex (LPMC) and medial premotor cortex (MPMC) were
separately defined (Mayka et al., 2006) and analyzed to avoid the risk of overfitting because the
combined lateral and medial parts would contain more voxels than each of the other ROIs

beyond an order of magnitude (Figure 2a).

As shown in Figure 2b, for “Promise vs. Reply-1”, classification accuracies were above
chance level in all ROIs (all p-values < .0005, permutation-based significance testing with
Bonferroni corrections for multiple comparisons, Table 2). For “Request vs. Reply-2”, accuracies
were also above chance level in all ROIs (all p-values < .0005). For “Promise vs. Request”,
accuracies were above chance level in all ROIs (all p-values < .0005) except LSTG. For “Reply-

1 vs. Reply-2”, the accuracy was above chance only in MPMC (p-value < .0005).
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Figure 2 | MVPCs of fMRI data. a, Five ROIs were defined. Red, lateral premotor cortex; pink, medial
premotor cortex; blue, Broca’s area (BA44); yellow, Broca’a area (BA45); green, left middle temporal gyrus;
orange, left superior temporal gyrus (x-coordinates based on the MNI system). b, Results of ROI-based
MVPCs. The classification accuracies (vertical axis) in the ROIs (horizontal axis) for the four pair-wise
classifications are illustrated. Left top, Promise vs. Reply-1; right top, Request vs. Reply-2; left bottom, Promise
vs. Request; right bottom, Reply-1 vs. Reply-2. The red dashed lines represent the chance-level percentage of
binary classification (50%). Red stars represent the statistical significance of permutation tests with Bonferroni
correction. ¢, Results of combinatorial MVPCs. Left panel, Promise vs. Reply-1; right panel, Request vs. Reply-
2. Vertical axes illustrate the improvement in classification accuracy contributed by an added ROI for an initial
ROI. Red stars represent statistical significance of permutation tests. Each yellow dot indicates the improvement
in classification accuracy contributed by a premotor ROI for a perisylvian ROI. Each blue dot indicates the
improvement in classification accuracy contributed by a perisylvian ROI for a premotor ROI. Each black dot
indicates the difference between the improvement in classification accuracy contributed by a premotor ROI for
a perisylvian ROI and that contributed by a perisylvian ROI for a premotor ROI. The crowded small gray dots
indicate data points of null distributions for permutation tests.
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To examine whether the premotor cortex represented more information on
communicative goals than the perisylvian regions, we conducted combinatorial MVVPCs (Carter
et al., 2012; Clithero et al., 2009). This was implemented by quantifying the extent to which an
added ROI improved the classification accuracy of an initial ROI. At the first step, using one of
the perisylvian ROIs as the initial ROI and either LPMC or MPMC as the added ROI, we
showed that the accuracies in classifying “Promise vs. Reply-1" (Figure 2c left panel and Table
2) were significantly improved by adding LPMC, or by adding MPMC. The accuracies in
classifying “Request vs. Reply-2” (Figure 2c right panel and Table 2) were also significantly

improved by adding LPMC or MPMC.

Using LPMC or MPMC as the initial ROI and one of the perisylvian ROIs as the added
ROI, we showed that, in classifying “Promise vs. Reply-1” (Figure 2c left panel and Table 2),
adding either left BA44, left BA45, or LMTG significantly improved the accuracies in LPMC or
MPMC. In classifying “Request vs. Reply-2” (Figure 2c right panel and Table 2), adding either
left BA44, left BA45, or LMTG significantly improved the accuracies in MPMC, but not in

LPMC.

At the second step, we compared the improvements in classification contributed by the
premotor cortex with the improvements contributed by the perisylvian regions. For “Promise vs.
Reply-1” (Figure 2c left panel and Table 2), the results showed that the improvement contributed
by LPMC for either of the perisylvian ROIs (except LMTG) was larger than the improvement
contributed by either of the perisylvian ROIs for LPMC (left BA44: 18% vs. 8%; left BA45:
21% vs. 5%; LSTG: 13% vs. 4%, all p-values < 0.0005); the improvement contributed by

MPMC for either of the perisylvian ROIs was larger than the improvement contributed by either
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of the perisylvian ROIs for MPMC (left BA44: 22% vs. 5%; left BA45: 26% vs. 4%; LMTG:

10% vs. 5%; LSTG: 17% vs. 1%, all p-values < 0.0005).

For “Request vs. Reply-2” (Figure 2c right panel and Table 2), the same pattern of results
was observed on the improvements contributed by LPMC for all the perisylvian ROIs (left
BA44: 17% vs. 4%); left BA45: 15% vs. 3%; LMTG: 13% vs. 3%; LSTG: 16% vs. 2%, all p-
values < 0.0005); and on the improvements contributed by MPMC (left BA44: 17% vs. 5%; left

BA45: 15% vs. 4%; LMTG: 14% vs. 5%; LSTG: 16% vs. 3%, all p-values < 0.0005).

In addition, as medial prefrontal cortex (MPFC) and temporo-parietal junction (TPJ) were
shown to activate in processing linguistic communications in previous studies (e.g., indirect reply,
Feng et al., 2017; Feng et al., 2021; Shibata et al., 2011), we compared the amount of information
on communicative goals represented in the premotor cortex with the amount of information
represented in MPFC and TPJ, using the same methods illustrated above (Supplemental
Information). The results suggested that, although MPFC and TPJ represent information on
communicative goals to a certain extent, the premotor cortex represents more (Figure S4 and Table

s3).

Taken together, the MVPC results suggested that while both the premotor cortex and the
perisylvian regions contain information on communicative goals, the premotor cortex
represented more information relative to the perisylvian regions and other brain areas previously

shown to be related to linguistic communications.
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Representational similarity analysis (RSA) results of fMRI data

As shown by the rating results, communicative goals are related to the interlocutor-related
features. We thus conducted RSA (Kriegeskorte et al., 2008) to test to what extent the activation
pattern in the premotor cortex and in the perisylvian regions could be predicted by the three
behavioral accounting factors (speaker’s attitudes, addressee’s attitudes, and contextual

information), and vice versa.

First, for the brain representational dissimilarity matrix (RDM) of each ROI and each of
the two pair-wise predictions, “Promise vs. Reply-1” and “Request vs. Reply-2”, a
representational similarity (RS) encoding model was fitted with the brain RDM being included
as the response variable and the three behavioral RDMs as the predictors (Figure 3a and Figure
3b). For “Promise vs. Reply-1" (Figure 3c upper panel and Table 3), each brain RDM was
significantly predicted by Addressee RDM, but not by Speaker RDM or Context RDM. For
“Request vs. Reply-2” (Figure 3c lower panel and Table 3), brain RDMs of LPMC, MPMC, left
BA44, LMTG, and LSTG were significantly predicted by Speaker RDM, but not by Addressee

RDM or Context RDM. However, no significant effect was observed for left BA45 RDM.
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Figure 3 | RSAs of fMRI data. a, The brain RDMs and the behavioral RDMs for the two pair-wise predictions,
“Promise vs. Reply-1” and “Request vs. Reply-2”. b, The equation of the representational similarity encoding
model, which includes a brain RDM as response variable and the three behavioral RDMs as predictors (see
Methods for details). c, Results of representational similarity encoding models. d, The equation of the
representational similarity decoding model, which includes a behavioral RDM as response variable, five brain
RDMs as predictors, and the other two behavioral RDMs as covariates (see Methods for details). e, Left panel,
results of representational similarity decoding models with the LPMC RDM and the RDMs of the prerisylvian
ROIs as predictors; right panel, results of representational similarity decoding models with the MPMC RDM
and the RDMs of the perisylvian ROIs as predictors. For a, b, and d, the lower-triangular RDMs from one
participant are shown as examples (only for illustrative purpose). For ¢ and e, the posterior estimates (vertical
axis) of the “Promise vs. Reply-1” models (upper panel, red) and the “Request vs. Reply-2”” models (lower
panel, turquoise) are illustrated. The solid dots represent mean posterior estimates, the error bars represent
Bonferroni corrected Crls (99.86% Crl for the encoding models and 99.92% Crl for the decoding models). The
dashed gray lines indicate O for fixed effect estimates. An effect was determined as significant when the

Bonferroni-corrected Crl excluded 0.
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Second, for each behavioral RDM and each pair-wise prediction, an RS decoding model
was fitted with a behavioral RDM (Speaker RDM, Addressee RDM, or Context RDM) as the
response variable, and the brain RDMs of LPMC/MPMC and the perisylvian ROIs as the
predictors. The other two behavioral RDMs were included as covariates (Figure 3d). Note that
LPMC and MPMC were modeled separately to avoid co-linearity. Hence, there were LPMC

models and MPMC models.

For “Promise vs. Reply-1” (Figure 3e left panel and Table 3), Addressee RDM was
predicted by LPMC RDM or MPMC RDM. In the MPMC model, Addressee RDM was also
predicted by LMTG RDM, while the mean estimate of the model coefficient of MPMC RDM was
numerically higher than that of LMTG RDM (0.3 vs. 0.11). In contrast, neither Speaker RDM nor
Context RDM was predicted by any of the brain RDMs (Table S5 and Figure S6). For “Request
vs. Reply-2”, Speaker RDM was predicted by LPMC RDM. In contrast, neither Addressee RDM

nor Context RDM were predicted by any of the brain RDMs (Table S5 and Figure S6).

Thus, in an extension of the MVPC results, the RSA results suggested that, relative to the
perisylvian regions, the premotor cortex more robustly represents Promise-related information that
is predicted by the addressee’s attitudes, and Request-related information that is predicted by the

speaker’s attitudes.
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Results of the lesion study

To examine if the premotor cortex plays a causal role in comprehending linguistic
communications, we conducted a lesion study in which we tested whether patients with lesions
in the premotor cortex (see Figure 4a for their lesion locations) would have impairments in the
comprehension task relative to healthy controls and lesion controls who had lesions not located
in the premotor cortex (see Figure 4b and Methods for their lesion locations). Participants from
the three groups were instructed to judge who would perform the action described in the critical
sentence (i.e., the performer judgement), to rate the interlocutors’ attitudes, and to respond to
comprehension questions in catch trials. The accuracies of the performer judgement and the
comprehension questions were comparable between the three groups. For the ratings of the
interlocutors’ attitudes, to simplify the task and to accommodate the patients’ cognitive state, we
instructed the participants to only rate the speaker’s will and the addressee’s will. These two
ratings would be sufficient to reflect the goal-related information as the above factor analyses
had shown that the three speaker/addressee-related features were attributed to the same

accounting factor of the speaker/addressee’s attitudes.

Bayesian hierarchical logistic models were fitted to estimate parameters at both the
group-level and the participant-level. The group level estimates examined the extent to which
communicative goals could be predicted by the ratings of the speaker’s will and the addressee’s
will within each group (Table S4), and the participant-level estimates were fitted to test the
difference in the predictability of the ratings between the groups. For “Promise vs. Reply-1”
model (Figure 4c upper panel), the group-level results showed that communicative goals were
significantly predicted by the addressee’s will rating for both lesion controls and healthy controls

(b = 1.19, 95% Crl: [0.43, 1.99]; b = 1.89, 95% Crl: [1.33, 2.5], respectively), but not for the
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premotor lesion patients (b = 0.68, 95% Crl: [-0.05, 1.43]). For all groups, no significant
predictability of the speaker’s will rating was observed. For the differences between the groups
in the predictability of the addressee’s will rating, pair-wise comparisons' on the participant-level
estimates were performed. The results showed that the predictability of the addressee’s will
rating for the premotor lesion patients was significantly lower than that for healthy controls (0.69
vs. 1.89, tzse2) = -3.76, Cohen’s d = 1.13, p < 0.001), with Bayes factor BF1o = 13, suggesting
strong evidence for this difference'’. In contrast, there were no reliable difference between the
predictability of the addressee’s will ratings for lesion controls and for healthy controls (1.19 vs.
1.89, ta38) = -1.61, Cohen’s d = 0.54, p = 0.12), with Bayes factor BF1o = 0.86. As the pattern of
the participant-level estimates of the predictability of the addressee’s will ratings showed the
lowest mean value for the premotor lesion patients and the highest mean value for healthy
controls, further linear regression modelling was performed to test the linear trend of these
estimates across the groups, with the premotor lesion patients, lesion controls, and healthy
controls coded as 1, 2, and 3 respectively. The result showed a significant positive slope for the
groups (B =0.61,t=3.21, p = 0.002, BF10 = 15.63), suggesting that the comprehensibility of
communication goals for Promise (vs. Reply-1) can be increasingly predicted by the addressee’s

will rating over the three groups.

i Each comparison of the participant-level posterior estimates between two groups tested the null hypothesis
(Ho), “there was no difference in the estimates between the groups”, against the alternative hypothesis (H1),
“there was a difference in the estimates between the groups”. See Methods for details.
it According to Andraszewicz and colleagues’ suggestion (2015), a BF1o between 10 and 30 indicates strong
evidence for Hy, and a BF1p between 0.33 and 1 indicates anecdotal evidence for Ho.
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Figure 4 | Results of the lesion study Lesion reconstructions for a, premotor cortex lesion patients and b, lesion
controls. The text in black indicates the x coordinates in the MNI system. The color bar indicates the number of patients.
¢, Results of the Bayesian hierarchical logistic model in the lesion study. The posterior estimates of the ratings
(vertical axis) of the speaker’s will and the addressee’s will (horizontal axis) for the premotor lesion patients
(left), lesion controls (middle), and healthy controls (right) are plotted. The upper panel represents the “Promise
vs. Reply-1” model, the lower panel represents the “Request vs. Reply-2” model. The solid circles represent
mean group-level posterior estimates. The error bars represent 95% Crls. A 95% Crl excluding 0 indicates a
significant group-level effect. The hollow circles on the left side of the group-level estimates represent the

corresponding mean participant-level estimates for all the participants.
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For “Request vs. Reply-2” (Figure 4c lower panel), the results of the group-level
estimates showed that communicative goals were significantly predicted by the speaker’s will
rating for both lesion controls and healthy controls (b = 0.85, 95% Crl: [0.17, 1.59]; b = 1.38,
95% Crl: [0.89, 1.92], respectively), but not for the premotor lesion patients (b = 0.44, 95% Crl:
[-0.21, 1.09]). For all groups, “Request vs. Reply-2” were predicted by the addressee’s will
ratings. For the differences between the groups in the predictability of the speaker’s will rating,
further comparisons on the participant-level estimates were performed. The results showed that
the predictability of the speaker’s will rating for the premotor lesion patients was significantly
lower than that for healthy controls (0.44 vs. 1.38, tzs.4) = -3.64, Cohen’s d = 1.1, p < 0.001),
with Bayes factor BF1o = 10.92, suggesting strong evidence for this difference. In contrast, there
was no reliable difference between the predictability of the speaker’s will rating for lesion
controls and that for healthy controls (0.85 vs. 1.38, t@2.26) = -1.41, Cohen’s d = 0.48, p = 0.17),
with Bayes factor BF1o = 0.73. As the pattern of the participant-level estimates of the
predictability of the speaker’s will ratings showed the lowest mean value for the premotor lesion
patients and the highest mean value for healthy controls, further linear regression modelling was
performed to test the linear trend of these estimates across the groups. The result showed a
significant positive slope for the groups (8 = 0.48, t = 3.03, p = 0.004, BF1o = 10.29), suggesting
that the comprehensibility of the communication goals for Request (vs. Reply-2) can be

increasingly predicted by the speaker’s will rating over the three groups.

Taken together, these results suggested that patients with lesions in the premotor cortex
were impaired in comprehending communicative goals as compared with healthy controls. In
contrast, there was no reliable difference between patients with lesions in brain regions other

than the premotor cortex and healthy controls.
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Discussion

Across two studies, our results consistently and convergently demonstrated the role of the
premotor cortex in representing communicative goals. The MVPC results showed that both the
premotor cortex and the perisylvian regions contain information on communicative goals, and
the results of the RS encoding models showed that the goal-related activity in these areas could
be predicted by the interlocutors’ attitudes. These findings suggest that understanding linguistic
communicative goals involves both the premotor cortex and the perisylvian regions. Moreover,
the results of combinatorial MVPCs showed that the premotor cortex is more sensitive than the
perisylvian regions to communicative goals, and the results of the RS decoding model showed
that the goal-related activity in the premotor cortex is more reliably related to the interlocutors’
attitudes than that in the perisylvian regions. These findings suggest that the premotor cortex is
more pronounced in representing communicative goals than the perisylvian regions.
Furthermore, in the lesion study, the results of both the comparisons of the participant-level
estimates between the groups and the linear trend analyses showed that, the predictability of the
speaker/addressee’s will ratings has the lowest value for patients with premotor lesions, the
medium value for lesion controls, and the highest value for healthy controls. These results
suggest that the premotor cortex lesions have profoundly impaired the understanding of
communicative goals, demonstrating a causal role of the premotor cortex in representing goals.
Collectively, the current study supports the theoretical view (Austin, 1975; Searle, 1969;
Wittgenstein, 1953) that linguistic communications are represented as goal-directed actions in

the brain.
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In an extension of previous fMRI studies on linguistic communications (Egorova et al.,
2016; Feng et al., 2017; Feng et al., 2021; Shibata et al., 2011; van Ackeren et al., 2012), we
used sentences that directly convey communicative goals that are independent of action-related
semantics. Specifically, our results showed that the activation patterns in the premotor cortex
could discriminate the goals even though the critical sentences (e.g., “I/You will analyze the
survey data this week.” in Table 1) express the same action Semantics (e.g., “analyzing the
survey data”) across conditions. These goal-related representations that go beyond action
semantics suggest that the premotor cortex represents the relation between the interlocutors and
the information of the speaker’s sentence. This relation can be reflected by the interlocutors’
attitudes (e.g., the speaker/addressee’s will/cost-benefit/pleasure) towards the information of the
sentence (Searle and VVanderveken, 1985). Specifically, the premotor cortex represents not
simply what action would be conducted (e.g., the data analysis) but more importantly the extent
to which the interlocutors would like to have the action accomplished. In agreement with this
argument, the results of both the RSA and the lesion study demonstrated that the goal-related
activity pattern in the premotor cortex was related to the specific interlocutor’s attitude that
predicted the goal. Specifically, the premotor cortex was sensitive to the addressee’s attitude
when discriminating Promise from Reply-1 while to the speaker’s attitude when discriminating
Request from Reply-2. In a general sense, the interlocutors and the speaker’s sentence can be
deemed as the subjects and their objectified intentions of the action. Such a generalization echoes
with a recent study showing that the training of motor actions improves the understanding of
subject-object relations in sentences (Thibault et al., 2021), demonstrating the general role of the

motor system in understanding relations between subjects and objects of actions.
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To establish the relations between the interlocutors and the sentential information for
linguistic communications, the premotor cortex can function in a way like the understanding of
motor actions (Rizzolatti et al., 1996; Rizzolatti and Sinigaglia, 2016). It has been suggested that
human premotor cortex contains neurons with “mirror” properties (Rizzolatti and Arbib, 1998;
Rizzolatti et al., 1988) that enable similar activation patterns for action implementation and
action observation (Avenanti et al., 2007; Molenberghs et al., 2012; Oosterhof et al., 2012; 2013;
Rizzolatti et al., 2014). Specifically, the goal-related premotor activity patterns induced by
observing others’ actions are similar to those induced by implementing actions (Oosterhof et al.,
2012). The premotor cortex has been repeatedly shown to be involved in understanding motor
action goals (e.g., reaching or grasping) (Cattaneo et al., 2010; Gallivan et al., 2011a; Gallivan et
al., 2013; Gallivan et al., 2011b; Michael et al., 2014). During the understanding of the goal of
an observed action, the premotor cortex supports a reactivation of the representation of relevant
action program, a process termed as action/mental simulation (Gallese and Goldman, 1998;
Jacob and Jeannerod, 2005; Jeannerod, 2001; Zwaan, 2016). Similarly, in understanding the
communicative goal conveyed by language, a mental simulation occurs to enable the
comprehender to build a model that integrates the goal with the interlocutors’ attitudes; this
simulation clarifies the relation between the interlocutors and the speaker’s sentence (Zwaan,

2016).

In processing the speaker’s meaning in linguistic communication, the comprehender
could, on the one hand, mentally simulate the speaker’s communicative action, and/or, on the
other hand, infer the speaker’s meaning and goal using a “theory of mind” about the speaker’s
(and possibly addressee’s) mental state as suggested by previous studies (Feng et al., 2021; van

Ackeren et al., 2012). This use of “theory of mind” is generally supported by the increased
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activations in medial prefrontal cortex (MPFC) and temporo-parietal junction (TPJ) (Schurz et
al., 2014). Although the current fMRI experiment did observe that these typical “theory of mind”
regions represented communicative goals, the strength of the representations in these regions was
weaker than that in the premotor cortex. Our findings thus support the notion that understanding
communicative goals is a relatively primitive and spontaneous process of projecting one’s own
experience on the other’s action that requires mental simulation rather than more effortful
inference based on a “theory” about the other (Gallese and Goldman, 1998; Gordon, 1992). In
many situations this primitive simulation process is sufficient to support the social functions of

language (Gallese, 2008), including communicating with others (Garrod and Pickering, 2004).

The shared mechanisms of mental simulation for language comprehension and motor
action understanding is likely the evolutionary consequence of communicating with each other in
a symbolic or language-like manner. On the one hand, nonhuman primates have communicative
actions involving symbolic vocalizations (e.g., monkeys’ alarm calls for predators, Arnold and
Zuberbihler, 2006; Seyfarth et al., 1980; and chimpanzees’ referential grunt for food, Watson et
al., 2015) and gestures (e.g., Bonobos and chimpanzees’ meaningful gestures for social
outcomes, Graham et al., 2018). Tool-using that involves the premotor region (Gallivan et al.,
2013) is a type of intellectual behavior shared by humans and nonhuman primates (Seed and
Byrne, 2010). On the other hand, the connectivity between the left posterior temporal cortex and
the left inferior frontal cortex in the perisylvian area is weaker in nonhuman primates’ brain than
in the human brain (Balezeau et al., 2020; Friederici, 2009). Consequently, the premotor region,
rather than the perisylvian regions, is a common neural substrate that supports both humans and

nonhuman primates’ communicative actions with mental simulation, and is the footstone of the
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co-evolution of humans’ linguistic ability and tool-using/making skills (Arbib, 2011; Stout and

Chaminade, 2012).

To conclude, while both the premotor cortex and the perisylvian language regions
represent the information on communicative goals and the interlocutors’ attitudes, the premotor
cortex represents more information than the perisylvian regions. Moreover, lesions in the
premotor cortex result in impaired processing of linguistic communications. These findings
demonstrated that the premotor cortex is necessary for comprehending communicative goals in
language processing, supporting the theoretical view that linguistic communications are

represented as goal-directed actions in the brain.
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Methods

Study 1: fMRI study

Participants. Fifty-eight native Chinese speakers (30 females, mean age = 22 years, SD = 3,
range: [18, 31]) with normal or corrected-to-normal vision participated the fMRI experiment.
None of them reported a history of neurological or psychiatric disorders. Written informed
consent was obtained from each participant prior to the experiment. Two participants were
excluded from data analysis due to dropping out. This study was performed in accordance with
the Declaration of Helsinki and was approved by the Committee for Protecting Human and

Animal Subjects of the School of Psychological and Cognitive Sciences at Peking University.

Design and materials. Eighty quadruplets of Chinese scripts describing daily-life scenarios were
created and selected (Table 1). Each quadruplet included four scripts. Each script started with a
context of a communication between two interlocutors, a speaker and an addressee. Then a
sentence “and they were communicating with each other” was included to introduce the pre-
critical sentence “then A (i.e., the speaker) said to B (i.e., the addressee)” and the final critical

sentence. The critical sentence was said by the speaker to convey a communicative goal.

Each of the four scripts in a quadruplet corresponded to one of four experimental
conditions. A specific experimental condition was defined by the communicative goal conveyed
by the critical sentence. Specifically, in the condition termed Promise, the context described a
task that the addressee was supposed to but yet unable to complete for a particular reason and the
speaker was capable of doing this task for the addressee. In the following conversation, the

speaker said the critical sentence with the first-person subject “I”” to express the intention to do
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the task. In the condition termed Reply-1, the context described the same task as the task in the
Promise condition but specified that it was the speaker who was supposed to complete the task.
In the following conversation, the speaker said the critical sentence with the first-person subject
to state that the speaker would do the task. The Reply-1 condition served as the control condition
for the Promise condition in the way that the critical sentences in the two conditions were the
same, but these two critical sentences conveyed different goals. In the condition termed Request,
the context described the same task as above that the speaker was supposed to yet be unable to
complete for a particular reason, and the addressee was capable of doing this task for the speaker.
In the following conversation, the speaker said the critical sentence with the second-person
subject “You” to express the intention to request the addressee to do the task. In the condition
termed Reply-2, the context described the same task that the addressee was supposed to
complete. In the following conversation, the speaker said the critical sentence with the second-
person subject to describe that the addressee would do the task. The Reply-2 condition served as
the control condition for the Request condition in the way that the critical sentences in the two
conditions were the same, but these two critical sentences conveyed different goals. The pre-
critical sentence was consistent across the four conditions in a quadruplet because the identities
of the speaker and the addressee were invariable. The critical sentences varied only in the
subjects, resulting in identical critical sentences for Promise and Reply-1 and for Request and

Reply-2 respectively.

These scripts were selected based on the evaluative results from an independent group of

participants in a pilot rating task prior to the fMRI experiment (Supplemental Information).

The 80 quadruplets of scripts (320 scripts in total) were assigned into 4 experimental lists

according to a Latin-square procedure. Each experimental list included 80 scripts, with 20 scripts
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for each condition. In a specific experimental list, 80 scripts came from the 80 different
quadruplets such that there was no repetition of a specific critical sentence. For each participant,
based on the Latin-square design, scripts from one of the experimental lists were used as the
reading materials. The 80 scripts (trials) were divided into five scanning runs (16 scripts per run),
each of which lasted approximately seven minutes. Trials of the four conditions were equally
distributed in the five scanning runs. In each run, trials of different conditions were mixed and
presented in a pseudo-randomized order with the restriction that no more than three scripts with

the same communicative goal were presented consecutively.

Each participant was asked to silently read a list of scripts in the MR scanner. Stimuli
were presented in black (RGB: 0, 0, 0) against a gray background (RGB: 180, 180, 180). In each
trial (Figure 1a), a fixation cross was firstly presented at the center of the screen for a jitter
duration of 1-5.5 s, followed by a cross presented at the upper left part of the screen where the
first character of the context would located. This fixation was presented for 1 s to direct
participants’ attention. The context was presented for 10 s and followed by a cross presented at
the center for another jitter duration of 1-3.25 s. A cross was then presented for 1 s at the upper
left part of the screen where the first character of the pre-critical sentence was located. After the
offset of the cross, the pre-critical sentence was presented. After the pre-critical sentence had
been presented for 1 s, a cross was presented below the pre-critical sentence, where the first
character of the critical sentence would be located. This cross lasted for 0.5 s together with the
pre-critical sentence. After the offset of the cross, the critical sentence was presented within
double quotes for 4 s, together with the pre-critical sentence. To engage the participants into the
script reading, a comprehension question was added to each of the 24 catch trials (30% of the all

trials). At the end of these catch trials, a triangle was presented at the center for a jitter duration
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of 1-6.6 s, followed by a comprehension question. Participants were instructed to make “yes” or
“no” response by pressing the button on the response box in their left or right hand. Half of the
participants were instructed to press the left button for “yes” and the right button for “no”, and
the other half made their responses with a reversed button-hand assignment. Half of these trials

required a “yes” as correct response and the other half required a “no” as correct response.

Prior to the scanning, participants performed ten practice trials with scripts not in the
experimental lists. After the scanning, participants were asked to fulfill a post-scanning rating
task on the same scripts they read in the scanner. They were asked to rate with 7-point scales on
the following ten features: speaker’s will, speaker’s cost-benefit, speaker’s pleasure, addressee’s
will, addressee’s cost-benefit, addressee’s pleasure, social distance between the interlocutors,
relative power between the interlocutors, the performer’s capability, and the mitigation of the
critical sentence. These ten features were the same as those rated in the pilot evaluation (see

Supplemental Information).

Statistical analysis of post-scanning ratings. Bayesian logistic mixed models. To assess the
extent to which communicative goals could be predicted by the ten features, the post-scanning
ratings were fitted with Bayesian logistic mixed models using the brms package (Burkner, 2017)
in R environment. The two pair-wise predictions, “Promise vs. Reply-1" and “Request vs. Reply-
27, were assessed respectively with an independent model. In each model, the response variable
was the communicative goal, the predictors were the ratings of the ten features. Full models were
fitted to reduce type-I error rate (Barr et al., 2013). The priors for all fixed slopes and fixed

intercept were Normal(0,100), while the priors for standard deviations were Cauchy(0,5). Within
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the variance-covariance matrices of the by-participant and by-item random effects, priors were
defined for the correlation matrices using a LKJ prior with parameter » 1.0(Lewandowski et al.,
2009). The joint posterior distribution was sampled by four Monte-Carlo Markov Chains
(MCMCs) at 20,000 iterations for each model, with the first half of the samples discarded as
warm-up samples. Convergence was checked using R convergence diagnosis (Gelman and
Rubin, 1992). Mean estimates (b) and 95% credible intervals (Crls) of posterior distributions
were used to evaluate the fitted coefficients. All posterior estimates reported have R-values lower
than 1.01. The predictability of the contextual features was indexed by the corresponding
posterior estimate, and the estimates were considered as statistically significant when the 95%

Crl excluded 0.

Factor analyses. To evaluate the reliability of the three-factor model estimated by the
EFA on the post-scanning ratings (Supplemental Information), a confirmatory factor analysis
(CFA) with the factor structure obtained by the EFA was conducted using the lavaan

package(Oberski, 2014) in R. The CFA model was evaluated by CFI, TLI, and RMSEA.

MRI data acquisition and preprocessing. A GE-MR750 3T MR scanner was used to collect
T1-weighted structural images with 1 x 1 x 1 mm? voxel size and functional images. In each run
of fMRI, an echo-planar imaging (EPI) sequence with an interleaved (bottom-up) acquisition
order, 2,000 ms repetition time, 30 ms echo time, and 90° flip angle to obtain 225 3D volumes of
the whole brain. Each volume consisted of 33 axial slices covering the whole brain. Slice

thickness was 3.5 mm and inter-slice gap was 0.7 mm, with a 224 mm field of view (FOV), 64 x
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64 matrix, and 3.5 x 3.5 x 4.2 mm?® voxel size. Head motion was minimized using cushions

around the head and a forehead strap.

The preprocessing of fMRI data was implemented using FEAT (fMRI Expert Analysis
Tool) in FSL (FMRIB Software Library v5.0.11) (Jenkinson et al., 2012). To ensure steady state
magnetization, the first five volumes were discarded. Preprocessing consisted of brain extraction
using BET based on the structural image (Smith, 2002), motion correction using MCFLIRT
(Jenkinson et al., 2002), slice-timing with Fourier-space time-series phase-shifting, spatial
smoothing with a Gaussian kernel of FWHM 5mm, high-pass temporal filtering with a cutoff of
100 s, and grand-mean intensity normalization of the entire 4D dataset by a single multiplicative
factor. These preprocessing procedures were applied on fMRI data for both univariate and
multivariate analyses, except that spatial smoothing was skipped for the multivariate analyses.
To co-register the structural image and the functional images, a linear transformation with 12
degrees of freedom (df) allowing translation and rotation was applied by FLIRT (Jenkinson et
al., 2002; Jenkinson and Smith, 2001). The 12 df linear transformation from the structural image
to the MNI system was further refined using FNIRT registration with nonlinear algorithm for 54
participants’ images, whereas the registration with linear algorithm was used for the other two

participants’ images for better alignment.

ROlIs definitions. The bilateral premotor cortex, including medial premotor cortex (MPMC) and
lateral premotor cortex (LPMC), were defined based on the probability maps of the Jilich

Histological atlas (Geyer, 2004). In the premotor cortex (Figure 2a), voxels with an absolute
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value of x coordinate in the MNI system lower than 16 were assigned to MPMC, otherwise, they

were assigned to LPMC (Mayka et al., 2006).

Four ROIs in the left lateralized perisylvian language region, including BA44 division of
the Broca’s area (left BA44), BA45 division of the Broca’s area (left BA45) (Amunts et al.,
1999), left middle temporal gyrus (LMTG), and left superior temporal gyrus (LSTG) (Desikan et
al., 2006) were defined based on the probability maps of the Jilich Histological atlas and the

Harvard-Oxford Cortical atlas (Figure 2a).

For all ROIs, only voxels with a probability greater than 20% were reserved. Each voxel
was assigned to a ROl according to its maximum probability among the above mentioned five

ROI probability maps.

General linear model (GLM). For each participant, four regressors were respectively defined
for the four experimental conditions, Promise, Reply-1, Request, and Reply-2, by the onsets of
the critical sentence with a duration of 4 s convolved by canonical hemodynamic response
function (HRF). The temporal derivative of each of the four regressors was included as a
regressor of no-interest. Another three regressors respectively corresponding to the context, the
pre-critical sentence, and the comprehension question were also included. The six parameters of

head movements were added in to reduce the influence of head motion on signal changes.

ROI-based multivariate pattern classification (MVPC). To detect differences in activity
patterns representing the different communicative goals, MVVPC was conducted for each ROI

using the PyMVPA toolbox (Hanke et al., 2009). In each ROI, the voxel-level parameter
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estimates of the critical sentences were extracted, detrended along time series, and transformed
to Z-scores across runs. For each RO, cross-validated classifications of communicative goals
were performed using a linear support vector machine (SVM) as a classifier. Four pair-wise
classifications were performed: (1) Promise vs. Reply-1; (2) Request vs. Reply-2; (3) Promise vs.
Request; (4) Reply-1 vs. Reply-2. For each pair-wise classification, a participant-based cross-
validation with 50 repetitions were conducted. Each repetition consisted of a training set of data
from 45 (approximately 80% of all data) randomly selected participants and a test set of data
from the remaining 11 participants (approximately 20% of all data). For each repetition, a cross-
validated accuracy was computed as a percentage of correct classifications of the test set to
evaluate the performance of a classifier, and the mean accuracy averaged over the 50 repetitions

was calculated.

Statistical significance of the classification accuracy was tested using permutation-based
classifications with 2,000 repetitions for each pair-wise classification (Stelzer et al., 2013). In
each repetition, the participant-based cross-validation procedure described above was performed
on the data with permuted communicative goals, generating 2,000 null cross-validated accuracies
derived for each pair-wise classification. Probabilities (p-values) of the observed accuracies
against the distribution of the permutation-based null accuracies were computed. Statistical
significance was determined by a Bonferroni-corrected significance threshold of p < 0.002 (24

comparisons were conducted in total).

Combinatorial MVPC. To examine whether the lateral/medial premotor cortex
represented more information on communicative goals relative to the ROIs in the perisylvian

region, combinatorial MVVPCs (Carter et al., 2012; Clithero et al., 2009) were conducted. The
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current analyses focus on two pair-wise classifications, “Promise vs. Reply-1” and “Request vs.

Reply-2”.

Aaccuracy(initial ROI, added RODN% =

Accuracy(combination of initial ROI and added ROI) — Accuracy(initial ROI)

x 100% (Eq. 1

Accuracy(initial ROI)

The computation is performed by Eg. 1. Combinatorial accuracy, Accuracy(combination
of initial ROI and added ROI), was the cross-validated accuracy based on voxels collapsed over
an initial ROl and an added ROI. Aaccuracy(initial ROI, added ROI) was obtained by
subtracting the cross-validated accuracy based on the voxels in an initial ROl i.e.,
Accuracy(initial ROI), from the combinatorial accuracy, and dividing this difference by the

Accuracy(initial ROI).

This Aaccuracy(initial ROI, added ROI) is an index to quantify the extent to which the
added ROI improved classification performance based on the initial ROI. These allow us to
examine improvements in classification accuracy contributed by a premotor ROI for each of the

perisylvian ROIs and vice versa.

Two steps of permutation-based significance testing were conducted on Aaccuracy(initial

ROI, added ROI):

(1) To test whether the premotor ROIs and the perisylvian ROIs improved classification
performance to each other, we conducted 32 (2 premotor ROIs x 4 perisylvian ROIs x 2 pair-
wise classifications x 2 alternatives of initial-added ROIs pair) permutation tests with 2,000
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repetitions. For each test, 50 cross-validated accuracies of the initial ROl and 50 cross-
validated combinatorial accuracies served as observations. These two types of cross-validated
accuracies were permuted and used to compute a null Aaccuracy(initial ROI, added ROI) every
repetition, generating a set of null Aaccuracy(initial ROI, added ROI), and p-value for the
observed accuracy against the null distribution was computed. Statistical significance was
determined by Bonferroni-corrected significance threshold of p < 0.0016.

(2) To test whether the premotor ROIs represented more information on communicative goals
relative to the perisylvian ROIs, we conducted 16 (2 premotor ROIs x 4 perisylvian ROIs x 2
pair-wise classifications) pair-wise permutation tests with 2,000 repetitions to compare
Aaccuracy(an ROl in perisylvian region, lateral/medial premotor cortex) with
Aaccuracy(lateral/medial premotor cortex, an ROI in perisylvian region). For each test, the
two types of Aaccuracies were permuted every repetition to generate a set of null differences
between Aaccuracy(an ROI in perisylvian region, lateral/medial premotor cortex) and
Aaccuracy(lateral/medial premotor cortex, an ROI in perisylvian region), and p-value of the
observed difference against the null distribution was computed. Statistical significance was

determined by a Bonferroni-corrected significance threshold of p < 0.003.

Representational Similarity Analyses (RSAs). RSAs (Kriegeskorte et al., 2008) were
conducted to further examine if the six ROIs represent the information on the speaker’s attitudes
and the addressee’s attitudes, and if the premotor ROIs represented more information on the
speaker/addressee’s attitudes relative to the perisylvian ROIs. These analyses were implemented

for two pair-wise predictions, “Promise vs. Reply-1” and “Request vs. Reply-2”, respectively.
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For each participant, the GLM was refitted with the same definitions of regressors as
described above, except that the critical sentence of every trial was defined as a single regressor.
Hence, each GLM had 80 regressors of the critical sentences. For each ROI of each participant,
to avoid over-fitting, feature selection was conducted on the voxels of each ROI(Hanke et al.,
2009), and voxels with the 50% highest F values were included in the RSA. For the selected
voxels, parameter estimates of the critical sentences from the GLM were extracted and
transformed to Z-scores. Pattern similarity matrix of each ROI was built up by calculating the
Pearson correlation of the voxel-wise Z-scores between each two trials. Then the representational
dissimilarity matrix (RDM) was obtained by 1 — similarity matrix, resulting in a 40 (2 conditions
* 20 trials per condition) * 40 brain RDM for each ROI of each participant. For each participant,
based on the post-scanning ratings and the three-factor model obtained by the factor analyses,
independent behavioral RDMs were built up to represent the variance of the speaker’s attitudes
(Speaker RDM), the variance of the addressee’s attitudes (Addressee RDM), and the variance of
the contextual information (Context RDM), respectively. For each behavioral factor, the ratings
of the three dimensions for each trial were represented in a three-dimensional space, and the
Euclidian distance between each two rating points was calculated as the value in each cell of the
behavioral RDM. Each of the three behavioral RDM also had a 40 (2 conditions * 20 trials per

condition) * 40 structure.

For each ROI and each of the two pair-wise predictions, a representational similarity (RS)
encoding model was used to assess the extent to which the brain RDM can be predicted by the
behavioral RDMs. Specifically, a Bayesian linear mixed model was conducted with Eq. 2, where
the brain RDM was included as the response variable and the three behavioral RDMs as the

predictors. In each model, the response variable Brain_RDM,; indicates the brain RDM of the ith
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participant (i € [1,56]). The predictor Behavioral_RDM,, indicates one of the behavioral
RDMs (k € [1, 3]). Fixed effects consisted of the fixed slopes b, and the fixed intercept b,.
Random effects consisted of by-participant random slope v;;, for the kth behavioral RDM and
random intercept v;, for the ith participant. The model also included the ith participant’s residual
e;. Only the lower triangular RDMs were used in these analyses. The model-fitting method was
identical to the analysis of the post-scanning ratings. All posterior estimates reported have R

lower than 1.01.

Brain_RDM; = Yi_,(by + vy )Behavioral RDM, + by + vy + e; (Eq. 2)

For each of the two pair-wise predictions and each of the behavioral RDMs, a RS
decoding model was used to assess the extent to which the behavioral RDM can be predicted by
the brain RDMs. Specifically, a Bayesian linear mixed model was conducted with Eq. 3, where
the behavioral RDM was included as the response variable and the RDMs of five ROIs as the

predictors.

Behavioral_ RDM; = Y5 _,(by + vi)Brain_RDM, + Z?:l Behavioral RDM; + by + v;o+ ¢; (EQ.3)

In each model, the response variable Behavioral_RDM,; indicates the behavioral RDM
of the ith participant (i € [1,56]). The predictors Brain_RDM,, indicate one of the five brain

RDMs (k € [1, 5]), which were RDMs of the four perisylvian ROIs and an RDM of one of the
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premotor ROIs (the RDMs of LPMC and MPMC were included in distinct models respectively
to prevent co-linearity). To regress out variances of the two behavioral RDMs other than the

Behavioral_RDM;, they were included in the model as covariates Behavioral_RDM; (j =

1, 2). The meaning of the remaining parameters in Eq. 3 were the same as the RS encoding
model. The model-fitting method was identical to the analyses of the post-scanning ratings. All

posterior estimates reported have R lower than 1.01.

As described above, while the RS encoding model estimated the coefficients of the
different behavioral RDMs in predicting the brain RDM of a specific ROI, the RS decoding
model estimated the coefficients of the brain RDMs of different ROIs in predicting a specific
behavioral RDM. An effect was tested with Bonferroni corrected Crls, 99.86% Cr| for the
encoding models where 24 (6 brain RDMs x 3 behavioral RDMs x 2 pair-wise predictions)
effect estimates were tested, and 99.92% Crl for the decoding models where 60 (3 behavioral
RDMs x 5 brain RDMs x 2 models with different premotor ROIs x 2 pair-wise predictions)
effect estimates were tested. An effect was determined as significant when Bonferroni corrected

Crl excluded 0.

Study 2: lesion study

Participants. Twenty-nine adult patients with unilateral lesions recruited from the Patient’s
Registry of Beijing Tiantan Hospital (Beijing, China) participated in the experiment. Their
lesions resulted from the surgical removal of low-grade gliomas. Depending on the lesion
locations, the patients were assigned to either the premotor cortex lesion group or lesion control

group. Thirty healthy adults without a known history of psychiatric or neurological disorder were
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recruited from the local community as a healthy control group. All participants are native
Chinese speakers with normal or corrected-to-normal vision and right-handed, with handedness
assessed by the Chinese Handedness Questionnaire (Li, 1983). Two lesion control participants
and three healthy control participants were excluded from the data analyses due to poor task
performances (see below). This study was performed in accordance with the Declaration of
Helsinki and was approved by the Committee for Protecting Human and Animal Subjects of the
School of the Psychological and Cognitive Sciences at Peking University and the Institutional

Review Board of the Beijing Tiantan Hospital at Capital Medical University.

The demographic variables of the participants are shown in Table S6. The comparisons of
the demographic variables were conducted by independent-sample t-tests. The lesion sizes and
the chronicities were comparable between the premotor lesion patients and lesion controls (all p-
values > 0.2). Participants’ mental states were assessed with the Mini-Mental State Examination
(MMSE) (Hamilton et al., 1976) and the Beck depression inventory (BDI) (Knight, 1984). The
MMSE scores and the BDI scores were comparable between all groups (all p-values > 0.1).
Years of education were comparable between the premotor lesion patients and lesion controls (p
=0.734). The years of education of healthy controls were slightly higher than the premotor
lesion patients and lesion controls, but did not reach the significance level (p = 0.057; p = 0.065,
respectively). While the participants’ ages were comparable between the premotor lesion patients
and lesion controls and between the premotor lesion patients and healthy controls (p-values >

0.1), lesion controls were older than healthy controls in average (t@s.1) = 2.58, p = 0.019).
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Lesion reconstruction and group assignment for patients. Two neurosurgeons (the third
author and the forth author) identified the lesions of each patient and created the lesion masks
based on the structural images. The lesion masks were transformed into the MNI system by
linear registration using FSL. For each patient, there were four steps of the registration. First,
based on T1-weighted structural image, white matter mask was extracted using the fast function
(Zhang et al., 2001). Second, based on the T1-weighted image, the white matter mask, and the
lesion mask, the lesion area in the T1-weighted image was filled using the lesion_filling function
(Battaglini et al., 2012). Third, the filled T1-weighted image was transformed into the MNI
system by linear registration. This registration generated a transformed matrix of the spatial
relation between the filled T1-weighted image and the MNI system. Finally, based on the
transformed matrix, the lesion mask was transformed into the MNI system. To ensure the results
of the registrations were consistent with the patients’ clinical situation, the neurosurgeons further
checked and modified the transformed lesion masks. We computed the overlapped volume
between each transformed lesion mask and the premotor cortex probability maps of the Jilich
Histological atlas. Fourteen patients with overlapped volumes larger than 2 ml were assigned to
the premotor lesion group (Figure 4a), other 15 patients were assigned to the lesion control group
(Figure 4Db). In the lesion control group, four patients had lesions in the left prefrontal cortex,
four in the right prefrontal cortex, four in the left insula, two in the right temporal cortex, and one

in the right parietal cortex.

Design and procedure. Eighty-four quadruplets of scripts were created. The structure of the
scripts and the experimental design were the same as the fMRI study with the exception that the

contents of the scripts were easier to understand to accommodate the patients’ cognitive states.
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To evaluate the reliability of the scripts, two pilot studies with independent groups of participants
were conducted beforehand (Supplemental Information). We firstly evaluated the scripts and
replicated the pattern of results in the fMRI post-scanning ratings, and secondly assessed the
appropriateness of the experimental procedure (see below). The results indicated that healthy
adults were able to understand the scripts and to complete the task following instructions

(Supplemental Information).

The scripts were assigned into four experimental lists according to a Latin-square
procedure. Each list included 84 scripts (trials), and each list was further divided into four
sections corresponding to four experimental blocks. Each participant was presented a list of
scripts with a pseudo-randomized order. No more than three scripts with the same

communicative goal were presented consecutively.

The experiment began with ten practice trials, followed by the four blocks of the main
experiment. Each block began with a warm-up trial. The scripts used for the practice trials and
the warm-up trials were not in the experimental lists. Each trial of the main experiment had the
same sequence of the events of the script presentations as the fMRI experiment, except that the
duration of each event was longer to accommodate the patients’ cognitive state (Figure S1).
After the presentation of the critical sentence, participants were instructed to respond to three or
four questions. First, they were instructed to judge who would perform the action described in
the critical sentence (i.e., the performer judgement) within 10 s. The names of the speaker and
the addressee were randomly presented on the left bottom and the right bottom of the screen
respectively, participants had to choose either of the names by pressing the button on the
corresponding side. Second, they were instructed to rate the speaker’s will and the addressee’s

will on a 7-point scale, each of which had to be completed within 20 s. To accommodate the
42


https://doi.org/10.1101/2022.05.26.493580
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.05.26.493580; this version posted May 26, 2022. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

patients’ cognitive state, the whole script was presented at the top of the screen to allow them to
reread the script. The two ratings were presented in random order. To engage participants into
the reading, 24 catch trials (29% of all trials) with comprehension questions regarding the scripts
were included. In each catch trial, a triangle was presented at the center after the ratings for a
jitter duration of 0.5-1.5 s followed by a Yes/No comprehension question, and participants were

asked to answer the comprehension question by pressing the corresponding button.

Data analyses. Two lesion control participants, who had lesions in the left insula and left
temporal cortex respectively, and three healthy control participants were excluded from the data
analyses because their accuracies for either the performer judgements or the comprehension

questions were below two standard deviations from the mean.

Bayesian hierarchical logistic models. To assess the extent to which communicative
goals could be predicted by the speaker’s will and the addressee’s will, we fitted Bayesian
hierarchical logistic models for “Promise vs. Reply-1” and “Request vs. Reply-2” respectively
using Stan (Carpenter et al., 2017) in R. To exclude trials with scripts that were apparently not
comprehended by the participants, the model-fitting only used the trials with correct performer
judgements, leaving 91% of the data. The communicative goal was included as the response
variable, the ratings of the speaker’s will and of the addressee’s will were included as the
predictors, and the age of the participants was included as a covariate to regress out the variance

of the age, as shown in Eqg. 4.

communicative goal = b;; - speaker's will + b;, - addressee's will + b,y + b3 - age + e; (Eq. 4)
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In each hierarchical model, the slopes of the speaker’s will rating and the addressee’s will
rating and the intercept were estimated at the group-level and the participant-level, respectively.
The group-level analysis independently estimated the parameters for each group and tested the
effect estimates of the ratings within each of the three independent groups. The participant-level
analysis independently estimated the parameters for each participant and tested the difference in
the estimates between the groups. Each group-level parameter had a normal prior distribution,
which had a mean with a prior of Normal(0,100) and a standard deviation with a prior of
Cauchy(0,5). Each of the participant-level parameters also had a normal prior distribution, which
had a mean equaling to the mean of the corresponding group-level distribution and a standard
deviation with a prior of Cauchy(0,5). These parameters were shown in Eq. 4, for the ith
participant, with the slopes of the two ratings, b;; and b;,, and the intercept, b;,. The model also
included b5 as the slope of the participants’ age and e; as the ith participant’s residual. Each of
these parameters had a normal prior distribution, which had a mean with a prior of
Normal(0,100) and a standard deviation with a prior of Cauchy(0,5). The model-fitting method
was the same as the analysis of the ratings in the fMRI study. All posterior estimates reported

have R lower than 1.01.

Furthermore, we conducted Frequentist t-tests and Bayesian t-tests to compare the
participant-level posterior estimates of the ratings between the groups. T-statistics, Cohen’s d-
values, p-values, and Bayes factors in supporting Hi against Ho, BF 10, are reported in Results. To
test the linear trend of the participant-level estimates across groups, we fitted linear regression
models that included these estimates as response variables and the group as the predictor, with

the premotor lesion patients coded as 1, lesion controls coded as 2, and healthy controls coded as
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3. The slopes for the groups, b, the corresponding t-statistics, p-values, and the Bayes factors

BF10 against the intercept-only models are reported in Results.
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Table 1 | English translation of the scenarios in the fMRI study, with original Chinese version of critical sentences.

Communicative goal Context Pre-critical Critical sentence
sentence

Promise The sales department conducted a
survey, and Xiaoli was assigned to Then Xiaowu  “I will analyze the
analyze the surveyed data this week. said to Xiaoli:  survey data this week.”
But Xiaoli was too busy to analyze it “XE AT 0
because he had the other assignment B,
recently. His colleague Xiaowu had
more spare time this week. And they
were communicating with each other.

Reply-1 The sales department conducted a
survey, and Xiaowu was assigned to Then Xiaowu  “I will analyze the
analyze the surveyed data this week. said to Xiaoli:  survey data this week.”
His colleague Xiaoli was assigned to “IX JE IR AN T R
record a working memo, Xiaoli B,
wanted to know about Xiaowu’s job
assignment. And they were
communicating with each other.

Request The sales department conducted a
survey, and Xiaowu was assigned to Then Xiaowu  “You will analyze the
analyze the surveyed data this week. said to Xiaoli:  survey data this week.”
But Xiaowu was too busy to analyze “IX JEARA T I
the surveyed data because he had the B, »
other assignment recently. His
colleague Xiaoli had more spare time
this week. And they were
communicating with each other.

Reply-2 The sales department conducted a

survey, and Xiaoli was assigned to
analyze the surveyed data this week.
His colleague Xiaowu was assigned to
record a working memo. Then, Xiaoli
wanted to confirm his own job
assignment. They were
communicating with each other.

Then Xiaowu
said to Xiaoli:

“You will analyze the
survey data this week.”

“RRIVRATT TS
B~
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Table 2 | Results of K/?W@s. available under aCC-BY-NC-ND 4.0 International license.

ROI-based MVPCs
Pair-wise classification
ROI (n volxels) Index Promise vs. Reply-1 Request vs. Reply-2 Promise vs. Request Reply-1 vs. Reply-2
LPMC (5507) Accuracy (%) 60 67 55 50
P <0.0005 <0.0005 <0.0005 0.534
MPMC (5227) Accuracy (%) 64 67 58 58
p <0.0005 <0.0005 <0.0005 <0.0005
Left BA44 (1443)  Accuracy (%) 56 58 55 51
P <0.0005 <0.0005 <0.0005 0.128
Left BA45(979)  Accuracy (%) 53 58 58 49
P <0.0005 <0.0005 <0.0005 0.827
LMTG (1760) Accuracy (%) 61 60 55 51
P <0.0005 <0.0005 <0.0005 0.078
LSTG (1147) Accuracy (%) 56 57 51 51
P <0.0005 <0.0005 0.018 0.028
Combinatorial MVPCs of Aaccuracy (initial ROI, added ROI)
Pair-wise Premotor Perisylvian Aaccuracy (perisylvian ROI, Aaccura'cy (p.remotor ROI, Difference be.tween
lassificati ROI ROI premotor ROI) perisylvian ROI) Aaccuracies
classification Aaccuracy (%) p Aaccuracy (%) p Aaccuracy (%) p
Promise  LPMC Left BA44 18 <0.0005 8 <0.0005 10 <0.0005
vs. Left BA45 21 <0.0005 5 <0.0005 16 <0.0005
Reply-1 LMTG 4 0.0015 5 <0.0005 -1 0.5
LSTG 13 <0.0005 4 0.0045 9 <0.0005
MPMC  Left BA44 22 <0.0005 5 <0.0005 17 <0.0005
Left BA45 26 <0.0005 4 0.001 22 <0.0005
LMTG 10 <0.0005 5 <0.0005 5 <0.0005
LSTG 17 <0.0005 1 0.1565 16 <0.0005
Request ~ LPMC Left BA44 17 <0.0005 4 0.002 12 <0.0005
Vs, Left BA45 15 <0.0005 3 0.0115 12 <0.0005
Reply-2 LMTG 13 <0.0005 3 0.0055 10 <0.0005
LSTG 16 <0.0005 2 0.0725 14 <0.0005
MPMC  Left BA44 17 <0.0005 5 <0.0005 12 <0.0005
Left BA45 15 <0.0005 4 0.0015 1 <0.0005
LMTG 14 <0.0005 5 <0.0005 9 <0.0005
LSTG 16 <0.0005 3 0.01 13 <0.0005

Texts in bold indicate statistical significance for the permutation-based significance testing with Bonferroni correction.

For ROI-based MVPCs, accuracies were tested with Bonferroni corrected significance threshold of p < 0.002. For combinatorial
MVPCs, statistical significances for the permutation tests at the first step and the second step were determined by Bonferroni corrected
thresholds of p < 0.0016 and p < 0.003 respectively. LPMC, lateral premotor cortex; MPMC, medial premotor cortex; Left BA44,

Broca’s area (BA44); Left BA45, Broca’s area (BA45); LMTG, Left middle temporal gyrus; LSTG, Left superior temporal gyrus.
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Table 3 | R‘é’?ﬁﬂ% 8? ﬁ%d'&g available under aCC-BY-NC-ND 4.0 International license.

Representational similarity encoding model

Behavioral RDM
Speaker Addressee Context
ROI Prediction b 99.86% Crl b 99.86% Crl b 99.86% Crl
LPMC Promise vs. Reply-1 -0.001 [-0.003, 0.001] 0.007 [0.004, 0.01] 0.0003 [-0.002, 0.003]
Request vs. Reply-2 0.004* [0.002, 0.007] 0.001 [-0.001, 0.004] 0.001 [-0.002, 0.003]
MPMC Promise vs. Reply-1 -0.001 [-0.003, 0.002] 0.007 [0.004, 0.01] -0.0003 [-0.003, 0.003]
Request vs. Reply-2 0.004 [0.002, 0.006] 0.001 [-0.002, 0.004] 0.001 [-0.002, 0.003]
Left BA44  Promise vs. Reply-1 0.0001 [-0.003, 0.003] 0.005 [0.002, 0.008] -0.0001 [-0.004, 0.004]
Request vs. Reply-2 0.005 [0.002, 0.009] 0.001 [-0.003, 0.004] -0.001 [-0.004, 0.002]
Left BA45  Promise vs. Reply-1 0.001 [-0.002, 0.005] 0.005 [0.002, 0.008] -0.002 [-0.006, 0.003]
Request vs. Reply-2 0.003 [-0.004, 0.007] 0.0003 [-0.004, 0.004] 0.001 [-0.003, 0.005]
LMTG Promise vs. Reply-1 -0.001 [-0.004, 0.002] 0.006 [0.003, 0.009] 0.00002 [-0.003, 0.003]
Request vs. Reply-2 0.004 [0.001, 0.007] -0.0001 [-0.003, 0.003] 0.001 [-0.002, 0.005]
LSTG Promise vs. Reply-1 -0.0005 [-0.004, 0.002] 0.005 [0.002, 0.008] -0.001 [-0.004, 0.003]
Request vs. Reply-2 0.005 [0.001, 0.01] -0.001 [-0.004, 0.003] 0.0003 [-0.003, 0.004]
Representational similarity decoding model
ROI
LPMC/MPMC Left BA44 Left BA45 LMTG LSTG

Prediction  Model Behavioral ,  99.92% y o 9992% . 99.92% , 99.92% y  99.92%

RDM Crl Crl Crl Crl Crl

Promise LPMC

Addressee [0.12, [-0.1, [-0.08, [-0.0001, [0.12,

vs. model 0.34 0.55] 0002 413 0.02 0.13] 0.11 0.11] 0.02 0.15]

Reply-I— MPMC 03 008, oo [OL s [008 oq 10002, o [0.d1

model . 0.53] : 0.12] : 0.14] : 0.23] : 0.15]

Request  LPMC Speaker g9 10OL (oo [0.06 - 001, s [006 o [0

vs. model : 0.38] : 0.22] 0.03 0.05] : 0.16] : 0.16]

Reply-2 MPMC oy 00 005, ; LO0L o5 [006 oo [008,

model : 0.27] : 0.22] 0.03 0.06] : 0.16] : 0.16]

Texts in bold indicate statistical significance with Bonferroni corrected Crl (99.86% Crl for the encoding models; 99.92% Crl for the decoding
models). LPMC, lateral premotor cortex; MPMC, medial premotor cortex; Left BA44, Broca’s areca (BA44); Left BA45, Broca’s area (BA45);

LMTG, Left middle temporal gyrus; LSTG, Left superior temporal gyrus.
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