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recommendation letter for my student” as a reply to the question
“What did you do this morning?”, the speaker simply describes the
situation, and hence the attitude of the interlocutors toward the
task in the reply is not clear.

While linguistic communications are regarded as goal-directed
actions with different functions by linguistic theories, it is barely
known how these communicative functions are represented in
the brain. One straightforward prediction is that communicative
functions are represented in brain areas that subserve action
programing or preparation. Consistent with this prediction,
the co-evolution of humans’ linguistic ability and motor skills
(e.g. tool use) has been highlighted from neurophysiological,
neurocognitive, and anthropological perspectives (Rizzolatti and
Arbib 1998; Arbib 2011; Stout and Chaminade 2012; Pulvermüller
2018; Thibault et al. 2021). As a demonstration, linguistic
communications between tutors and learners can improve the
efficiency of learning to make Paleolithic tools (Morgan et al.
2015), and the activation in the premotor region of the human
brain increases with the evolutionary progress of Paleolithic
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 (Hauk
et al. 2004; Wilson et al. 2004; Egorova et al. 2016; Dreyer and
Pulvermüller 2018), but also in species including avian (Thompson
et al. 2011), Cercopithecinae (Gil-da-Costa et al. 2006), and Pan
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Table 1. English translation of the scripts in the fMRI study, with original Chinese version of critical sentences.

Communicative
function

Context Pre-critical sentence Critical sentence

Promise The sales department conducted a survey, and Xiaoli
was assigned to analyze the survey data this week.
But Xiaoli was too busy to analyze it because he had

https://academic.oup.com/cercor/article-lookup/doi/10.1093/cercor/bhac451#supplementary-data
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Fig. 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 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 modeling.
The posterior estimates of the fixed effects (vertical axis) for rating features (horizontal axis) in the “Promise vs. Reply-1” model (upper panel, black)
and the “Request vs. Reply-2” model (lower panel, gray) are illustrated. The solid dots represent mean posterior estimates, the error bars represent 95%
CrIs. A 95% CrI excluding 0 indicates a statistically significant predictability of the corresponding feature. c) The 3-factor model of the CFA. The ellipses
represent the accounting factors and the rectangles represent the rating features. The correlations between the accounting factors and the loadings of
the accounting factors on the features are embedded in the arrows.

a gray background (RGB: 180, 180, 180). In each trial (Fig. 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 reading the
script, a comprehension question, which was related to the infor-
mation of both the contexts and the critical sentences, was added
to each of the 24 catch trials (30% of all trials, each condition
had 6 catch trials). At the end of these catch trials, a triangle was
presented at the center for a jitter duration 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 10 practice trials
with scripts not in the experimental lists.

Poel

https://academic.oup.com/cercor/article-lookup/doi/10.1093/cercor/bhac451#supplementary-data
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(the speaker/addressee would be benefitted highly if the task has
been accomplished); (6) speaker’s pleasure and (7) addressee’s
pleasure, from 1 (the speaker/addressee is very unpleased when
communicating) to 7 (the speaker/addressee is very pleased when
communicating); (8) relative power, from 1 (the addressee’s power
is definitely higher than the speaker’s) to 7 (the speaker’s power
is definitely higher than the addressee’s); (9) the social distance
between the interlocutors, from 1 (very close) to 7 (very remote);
and (10) mitigation of the critical sentence, from 1 (not mitigated
at all) to 7 (highly mitigated).

Statistical analysis of post-scanning ratings
Bayesian logistic mixed models

To assess the extent to which communicative functions could
be predicted by the 10 features, the post-scanning ratings were
fitted with Bayesian logistic mixed models using the brms package
(Bürkner 2017) in R environment. The 2 pair-wise predictions,
“Promise vs. Reply-1” and “Request vs. Reply-2”, were assessed respec-
tively with an independent model. In each model, the response
variable was the communicative function, the predictors were the
ratings of the 10 features. Full models were fitted to reduce type-
I error rate (Barr et al. 2013). The priors for all fixed slopes and
the fixed intercept were Normal(0,100), while the priors for stan-
dard deviations were Cauchy(0,5). Within the variance–covariance
matrices of the by-participant and by-item random effects, priors
were defined for the correlation matrices using a Lewandowski-
Kurowicka-Joe (LKJ) prior with parameter η 1.0 (Lewandowski et al.
2009

https://academic.oup.com/cercor/article-lookup/doi/10.1093/cercor/bhac451#supplementary-data
https://academic.oup.com/cercor/article-lookup/doi/10.1093/cercor/bhac451#supplementary-data
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Fig. 2. MVPC results of fMRI data. a) Five ROIs were defined. Red, LPMC; pink, MPMC; blue, Broca’s area (BA44); yellow, Broca’s area (BA45); green,
LMTG; orange, LSTG (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 4 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 statistical
significance of permutation tests with Bonferroni correction. c) 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 with Bonferroni correction. 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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ROI-based multivariate pattern classification
To detect differences in activity patterns representing the differ-
ent communicative functions, multivariate pattern classification
(MVPC) was conducted for each ROI using the PyMVPA toolbox
(Hanke et al. 2009). In each ROI, the voxel-level parameter esti-
mates of the critical sentences were extracted, detrended along
time series, and transformed into Z-scores across runs. For each
ROI, cross-validated classifications of communicative functions
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 (approx-
imately 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 functions, 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 signif-
icance threshold of P < 0.002 (24 comparisons were conducted
in total). A significant accuracy indicates that the multivariate
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Fig. 3. RSAs of fMRI data. a) The brain RDMs and the behavioral RDMs for the 2 pair-wise predictions, “Promise vs. Reply-1” and “Request vs. Reply-2”. b) The
equation of the RS encoding model, which includes a brain RDM as response variable and the 3 behavioral RDMs as predictors (see Methods for details).
c) Results of RS encoding models. d) The equation of the RS decoding model, which includes a behavioral RDM as response variable, 5 brain RDMs as
predictors, and the other 2 behavioral RDMs as covariates (see Methods for details). e) Left panel, results of RS decoding models with the LPMC RDM and
the RDMs of the prerisylvian ROIs as predictors; right panel, results of RS 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 c 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 CrIs (99.86% CrI for the encoding models
and 99.92% CrI for the decoding models). The dashed gray lines indicate 0 for fixed effect estimates. An effect was determined as significant when the
Bonferroni-corrected CrI excluded 0.

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 3
dimensions for each trial were represented in a 3-dimensional
space, and the Euclidian distance between each 2 rating points
was calculated as the value in each cell of the behavioral RDM.
Each of the 3 behavioral RDM also had a 40 (2 conditions × 20
trials per condition) × 40 structure.

For each ROI and each of the 2 pair-wise predictions, a rep-
resentational similarity (RS) encoding model was used to assess
the extent to which the brain RDM can be predicted by the
behavioral RDMs (Fig. 3b). Specifically, a Bayesian linear mixed
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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 CrIs, 99.86% CrI for the encoding models where 24
(6 brain RDMs × 3 behavioral RDMs × 2 pair-wise predictions)
effect estimates were tested, and 99.92% CrI for the decoding
models where 60 (3 behavioral RDMs × 5 brain RDMs × 2 models
with different premotor ROIs × 2 pair-wise predictions) effect
estimates were tested. An effect was determined as significant
when Bonferroni corrected CrI excluded 0.

Study 2: lesion study
Participants
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Fig. 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

https://academic.oup.com/cercor/article-lookup/doi/10.1093/cercor/bhac451#supplementary-data
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Supplementary material
Supplementary material is available at Cerebral Cortex online.
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