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Abstract

Neuroimaging studies have found that theory of mind (ToM) and discourse comprehension involve similar brain regions. These brain

regions may be associated with three cognitive components that are necessarily or frequently involved in ToM and discourse

comprehension, including social concept representation and retrieval, domain-general semantic integration, and domain-specific

integration of social semantic contents. Using fMRI, we investigated the neural correlates of these three cognitive components by

exploring how discourse topic (social/nonsocial) and discourse processing period (ending/beginning) modulate brain activation in a

discourse comprehension (and also ToM) task. Different sets of brain areas showed sensitivity to discourse topic, discourse processing

period, and the interaction between them, respectively. Themost novel finding was that the right temporoparietal junction andmiddle

temporal gyrus showed sensitivity to discourse processing period only during social discourse comprehension, indicating that they

selectively contribute to domain-specific semantic integration. Our finding indicates how different domains of semantic information

are processed and integrated in the brain and provides new insights into the neural correlates of ToM and discourse comprehension.
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Introduction

Theory of mind (ToM) and discourse comprehension are both

important cognitive functions of the human brain. ToM refers

to the cognitive processes that attribute independent mental

states to self and others in order to predict and explain behav-

ior (Premack & Woodruff, 1978). Discourse comprehension

refers to the cognitive processes that create a coherent repre-

sentation of the meanings of a discourse, which is character-

ized by the process of integrating the current semantic con-

tents with prior sentential contexts (van Berkum, Zwisterlood,

Hagoort, & Brown, 2003). Although ToM and discourse com-

prehension have been investigated separately, recent neuroim-

aging studies have indicated that they involve very similar

brain regions (Ferstl, Neumann, Bogler, & von Cramon,

2008; Mar, 2011; Xu, Kemeny, Park, Frattali, & Braun,

2005).Mar (2011) conducted a meta-analysis of previous neu-

roimaging studies on ToM and discourse comprehension. The

results showed that the ToM network overlaps with the dis-

course comprehension network in several brain regions, in-

cluding the medial prefrontal cortex (MPFC), the

temporoparietal junction (TPJ), the anterior temporal lobe

(ATL), and the inferior frontal gyrus (IFG).

Why do ToM and discourse comprehension recruit similar

brain regions? One natural interpretation is that these brain

regions support cognitive processes that are necessarily or

frequently involved in both ToM and discourse comprehen-

sion (Mar, 2011). To explore this possibility, we decompose

ToM and discourse processing along two dimensions. The

first dimension is semantic domain. Specifically, we focus

on the dichotomy of Bsocial^ versus Bnonsocial^ because
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ToM has been proposed as a domain-specific ability of social

cognition (Leslie, 1994; Saxe, 2010) and because both ToM

and discourse comprehension recruit large areas of the social

cognitive network (Mar, 2011). The second dimension is pro-

cessing type. On this dimension, we focus on the dichotomy

of Bprocessing of single concept^ versus Bprocessing of com-

bination of concepts.. These two types of processing corre-

spond to two basic semantic processing components that have

been specified in several theoretical models (e.g., Hagoort,

2013; Jung-Beeman, 2005): the first component retrieves in-

formation from conceptual system and the second component

constructs combinatorial representations that are not already

available in memory. For the ease of description, we will refer

to the first component as Bconcept representation and retriev-

al^ and the second component as Bsemantic integration.^1

According to the two above dimensions, the common neural

correlates of ToM and discourse comprehension might be as-

sociated with three cognitive components. The first cognitive

component is social concept representation and retrieval.

Neuroimaging studies have indicated that the representation

and retrieval of social concepts may be selectively supported

by the anterior superior temporal sulcus (ASTS) and possibly

also by the MPFC, TPJ, posterior cingulate gyrus (PC), and

precuneus (Lin, Bi, Zhao, Luo, & Li, 2015; Lin et al., 2017;

Mason, Banfield, & Macrae, 2004; Mitchell, Heatherton, &

Macrae, 2002; Olson, McCoy, Klobusicky, & Ross, 2013;

Rice, Ralph, & Hoffman, 2015; Ross & Olson, 2010; Zahn

et al., 2007). Zahn et al. (2007) found that the activation level

of the ASTS is modulated by the richness of social semantic

information and thus proposed that the ASTS represents social

concepts. Lin et al. (2015) found that during a verb comprehen-

sion task, social action verbs (e.g., Bembrace^) evoked stronger

activation than private action verbs (e.g., Bwalk^) and nonhu-

man verbs (e.g., Bburn^) in the ASTS, TPJ, MPFC, PC and

precuneus, indicating that these regions may support semantic

information associated with social interactions. With respect to

ToM processing, thinking about other people’s mental states

necessarily involves processing of some basic social concepts

such as Bbelief,^ Bdesire,^ Bself,^ and Bothers.^ Therefore, so-

cial concept representation and retrieval is a necessary compo-

nent of ToM processing. In discourse comprehension, the in-

volvement of concept representation and retrieval is modulated

by the discourse topic. Understanding discourses describing

social events necessarily requires processing of social concepts

whereas understanding discourses describing nonsocial (e.g.,

physical or chemistry) events may not. In fact, the stimuli in

studies of discourse comprehension often contain descriptions

of the mental states or behaviors of the characters (Mar, 2011;

Mason & Just, 2009). Therefore, social concept representation

and retrieval is a frequently-employed process in studies of

discourse comprehension.

The second cognitive component is domain-general se-

mantic integration, through which one can combine simple

semantic contents into more complex representations. It is

assumed that the engagement of the semantic integration sys-

tem is sensitive to the richness of contexts and the congruence

between contexts and current semantic contents (Hagoort &

Indefrey, 2014). For example, the effect of domain-general

semantic integration can be examined by comparing the acti-

vation evoked by a sentence with that evoked by a word list

(Humphries, Binder, Medler, & Liebenthal, 2007), by com-

paring the activation evoked by a congruent sentence pair with

that evoked by a semantically unrelated sentence pair (Ferstl

& von Cramon, 2001), or by comparing the activation evoked

by the discourse endings whose contextual information is rich

with that evoked by the discourse beginnings that have no

contextual information (Xu et al., 2005). Neuroimaging stud-

ies have indicated that several brain areas may contribute to

domain-general semantic integration, including the IFG, TPJ,

ATL, MPFC, and middle temporal gyrus (MTG) (Bemis &

Pylkkanen, 2011, 2013; Hagoort & Indefrey, 2014; Jung-

Beeman, 2005; Price, Bonner, Peelle, & Grossman, 2015;

Zhu et al., 2009). Domain-general semantic integration is an

essential component of discourse comprehension (Ferstl et al.,

2008). It is also necessary for the completion of most ToM

tasks because ToM tasks typically require event comprehen-

sion, and domain-general semantic integration plays an impor-

tant role in constructing a coherent representation of an event

(Sitnikova, Holcomb, Kiyonaga, & Kuperberg, 2008).

The third cognitive component is domain-specific integra-

tion of social semantic contents, through which one can con-

struct domain-specific compositional semantic representations

of social events. Similar to social concept representation and

retrieval, domain-specific semantic integration should be re-

quired for all ToM tasks and for comprehension of discourses

describing social events. The existence of domain-specific

semantic integration mechanisms has been indicated by devel-

opmental psychology studies. Leslie and colleagues proposed

that the development of ToM ability relies on a domain-

specific mechanism, called Btheory-of-mind mechanism^

(ToMM) (Leslie, 1994; Leslie, Friedman, & German, 2004).

They proposed that ToMM integrates four aspects of semantic

information into an agent-centered meta-representation,

which includes an Bagent^ (e.g., Bmother^), an Battitude^ de-

scribing an informational relation (e.g., Bbelieves^), an Ban-

chor^ describing an aspect of real situation (e.g., Bspeaks to

the banana^), and a Bdescription^ describing an Bimagery^ sit-

uation (e.g., Bit is a telephone^). According to this hypothesis,

1
In some articles, the term Bsemantic integration^ specifically refers to the

process of integrating word meaning into semantic context (e.g., van Berkum,

Hagoort, & Brown, 1999). In the other studies, this term has a broader sense,

referring to all types of combinatorial semantic processes, such as discourse-

level integration (St George, Kutas, Martinez, & Sereno, 1999), phrase-level

conceptual combination (Baron &Osherson, 2011), and cross-modal informa-

tion integration (Loftus, Miller, & Burns, 1978). Our usage of the term

Bsemantic integration^ is based on its broad sense but not the narrow one.
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ToMM should be selectively activated when one tries to inte-

grate these four aspects of semantic information. Several neuro-

imaging studies have indicated that the semantic represen-

tation system is organized in a domain-specific manner (for

comprehensive reviews, see Mahon & Caramazza, 2009;

Martin, 2007). However, to our knowledge, no neuroimaging

study has strictly examined the domain-specificity of the se-

mantic integration system. Although a large body of studies

observed that the ASTS, TPJ, MPFC, PC, and precuneus

showed stronger activation in ToM tasks than in non-ToM

tasks (Schurz, Radua, Aichhorn, Richlan, & Perner, 2014),

this observation could be explained either as social concept

representation/retrieval or as social semantic integration. On

the basis of the existing evidence, the right TPJ is the most

plausible candidate brain region that supports domain-specific

semantic integration. In a series of studies, Saxe and col-

leagues found that the activation of the right TPJ is highly

specific to descriptions about people’s thoughts (Saxe, 2010;

Saxe & Kanwisher, 2003; Saxe & Wexler, 2005). Saxe and

Wexler (2005) further found that the right TPJ is sensitive not

only to the domain of semantic contents but also to the con-

gruence of the social background and thought of an agent. The

activation level of the right TPJ was higher when the agent’s

background and thought were incongruent than when the

background and thought were congruent. Therefore, the right

TPJ showed not only the semantic domain effect but also the

semantic integration effect. However, because Saxe andWexler

(2005) did not examine whether the same right TPJ region also

contributes to the semantic integration of nonsocial semantic

contents, it remains unclear whether this region is specific to

social semantic integration. In addition, their analysis was re-

stricted to the bilateral TPJ, MPFC, and PC, leaving it unclear

whether there are other areas contributing to social semantic

integration.

In the present fMRI study, we differentiated between the

brain activations associated with the three abovementioned

cognitive components during a discourse comprehension

(and also ToM) task bymanipulating two factors—discourse

topic (social/nonsocial) and discourse processing period

(ending/beginning). We examined the effect of discourse

processing period because this effect is tightly associated

with semantic integrationprocesses in discourse comprehen-

sion and has been observed inmost areas that are recruited by

both ToM and discourse processing (Xu et al., 2005). Our

assumptions were as follows: brain regions specific to social

concept representation and retrieval should be sensitive to

discourse topic but not to discourse processing period; brain

regions that are sensitive to discourse processing period in

both topics of discourse are associated with domain-general

semantic integration; brain regions that are sensitive to dis-

course processing period in social discourses but not in non-

social ones are associated with domain-specific integration

of social semantic contents.

Materials and methods

Participants

A total of 39 healthy undergraduate and graduate students (18

women, 21 men) participated in the fMRI experiment. The

average age of the participants was 22.2 years (SD = 2.7

years). All participants were right-handed and were native

Chinese speakers. The participants neither suffered from psy-

chiatric or neurological disorders nor had ever sustained a

head injury. Prior to the experiment, each participant read

and signed an informed consent form issued by the

Institutional Review Board of the Magnetic Resonance

Imaging Research Center, the Institute of Psychology of the

Chinese Academy of Science.

Materials and procedure

The materials were adapted from a publicly available false-

belief localizer (Dodell-Feder et al., 2011). They included ten

false-belief discourses and ten false-picture discourses, all of

which described an outdated representation (a false belief or a

false picture). It has been well demonstrated that the classic

ToM network can easily be localized by contrasting these two

sets of discourses (Dodell-Feder et al., 2011; Jacoby, Bruneau,

Koster-Hale, & Saxe, 2016; Spunt & Adolphs, 2014). The

effect of semantic integration was examined by manipulating

the extent to which the comprehension of the current sentence

is influenced by its preceding contextual semantic informa-

tion. To maximize the effect, we chose the ending and begin-

ning sentences of discourses as the stimuli of interest (Xu

et al., 2005). Therefore, the beginning and ending sentences

of the two topics of discourse fits a 2 × 2 design with the

factors discourse topic (Bsocial vs. nonsocial^ as represented

by Bfalse belief vs. false picture^) and discourse processing

period (ending vs. beginning).

We translated the discourses into Chinese and made a few

modifications to adapt to the cultural differences (e.g., chang-

ing the English names into Chinese names) and to match the

length and sentence number between the two topics of dis-

course. Examples of our stimuli and their translations are

shown in Table 1 and a complete list of our stimuli and their

translations are shown in Table S1 in the Supplementary

Material. The characteristics of our stimuli are shown in

Table 2. All modified discourses consisted of two or three

sentences. For both topics of discourse, the average sentence

number was 2.7 per discourse. The length (character number)

of the beginning, middle (if applicable), and ending sentences

and that of the whole discourse were matched between the two

topics of discourse (ts [18] < 1.320, p > .204). The two topics

of discourse have no significant differences in character stroke

number (t [439] = 1.85, p = .064) or word frequency (t [522] <

Cogn Affect Behav Neurosci (2018) 18:273–283 275



1; word frequency was obtained from a corpus with news

articles fromThe People’s Daily, which has 23million words).

During the scan, each discourse was presented for 10 s,

followed by a true/false statement (presented for 4 s) and a

12-s fixation. Different from the original version of false-

belief localizer (Dodell-Feder et al., 2011), the discourses

were not presented as a whole but sentence by sentence. We

kept the total presentation time of each discourse at 10 s to

make our results comparable with the original version of false-

belief localizer. Therefore, within a discourse, the presentation

time of a sentence (ranging from 1.6 s to 5.6 s) was linearly

dependent on the quotient of its length divided by the dis-

course length. All discourses were presented within a single

run lasting 8 min 50 s, with the first 10 s of the run being a

fixation. Presentation orders of the discourses were

counterbalanced across participants.

Acquisition and analysis of magnetic resonance
imaging data

Structural and functional data were collected using a GE

Discovery MR750 3 T scanner at the Magnetic Resonance

Imaging Research Center, Institute of Psychology of the

Chinese Academy of Science. Functional blood-oxygenation-

level-dependent datawere obtained in 3.0-mm isotropic voxels

(TR = 2 s; TE = 30 ms) in 42 near-axial slices. After the task-

fMRI scan, T1-weighted structural images were collected in

176 sagittal slices with 1.0-mm isotropic voxels.

All fMRI data were preprocessed using the Statistical

Parametric Mapping software (SPM8; http://www.fil.ion.ucl.

ac.uk/spm/) and the advanced edition of DPARSF V2.3 (Yan

& Zang, 2010). The first five volumes (10 s) of each function-

al run were discarded for signal equilibrium. Slicing timing

and 3-D head motion correction were then performed, and a

mean functional image was obtained for each participant. The

structural image of each participant was coregistered to the

mean functional image and subsequently segmented using

the unified segmentation VBM module (Ashburner &

Friston, 2005) implemented in DPARSFA. The parameters

obtained during segmentation were used to normalize the

functional images of each participant onto the Montreal

Neurological Institute space. The functional images were then

spatially smoothed using a 6-mm FWHM Gaussian kernel.

Statistical analyses on the task fMRI data were conducted

according to two-level, mixed-effects models implemented in

SPM8. At the first level, a general linear model was applied to

explore the fixed effect of each subject. The beginning, mid-

dle, and ending sentences and the following statements of the

Table 1 Examples of the experimental stimuli

Stimulus Translation

Social Discourse (BELIEF Item)

Sentence 1 李明和小芳在房间里找不到钥匙。 Li Ming and Xiao Fang searched the house for their keys with no luck.

Sentence 2 小芳就到外面车里去找了。 Then Xiao Fang went outside to look in the car.

Sentence 3 她出去后, 明发现钥匙在沙发后面。 Suddenly Li Ming noticed the keys behind the sofa.

Question 小芳回来的时候,明不知道钥匙在哪。 By the time Xiao Fang comes in, Li Ming doesn't know where the keys are.

Nonsocial Discourse (PICTURE Item)

Sentence 1 这幅1885年的名画描绘了河的南岸的景色。 Sargent famously painted the south bank of the river in 1885.

Sentence 2 1910年建成了一座水坝,没了整个流域,灭了古老的森林。 In 1910 a huge dam was built, flooding out the whole river basin,

killing the old forests.

Sentence 3 现在整片地区都在水下。 Now the whole area is under water.

Question 在画中,的南岸树木繁茂。 In the painting the south bank of the river is wooded.

Table 2 Characteristics of the experimental stimuli

Discourse

length

Discourse

length

Sentence length Word

frequency

Visual complexity

of characters

(sentences) (characters) Beginning

(characters)

Middle

(characters)

Ending

(characters)

(per million) (stroke number)

Social discourse 2.7 ± 0.5 49.0 ± 6.3 17.4 ± 4.7 16.9 ± 6.3 19.8 ± 6.6 3278 ± 9506 7.2 ± 3.3

Nonsocial discourse 2.7 ± 0.5 49.3 ± 6.9 19.9 ± 3.7 18.7 ± 7.3 17.5 ± 5.4 4083 ± 10886 6.8 ± 3.3

Effect size for the difference

between social and

nonsocial discourses

(Cohen's d)

0 0.05 0.59 0.27 0.38 0.08 0.13
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two topics of discourse were set as eight covariates and were

all modeled as epoch-related responses according to their on-

sets and durations. Six head motion parameters, which were

obtained by head motion correction, were included as nui-

sance regressors. In addition, the length and presentation

speed (sentence length/presentation time) of each sentence

were included as two additional nuisance covariates, which

were constructed by modulating the amplitude of the predict-

ed neural response for each sentence by the demeaned (nor-

malized by removingmean value) sentence length and presen-

tation speed. Time series data were subjected to a high-pass

filter (128 Hz). After the estimation of model parameters,

subject-specific statistical maps were generated. There were

four conditions of interest, which correspond to the covariates

of the beginning and ending sentences of the two topics of

discourse. Contrasts between the four conditions and fixation

were created and computed for every subject and inputted into

a second-level, random-effects analysis, in which a flexible

factorial design was applied to accommodate a 2 × 2 within-

subject design. The two main effects and the interaction effect

were examined. Awhole-brain conjunction analysis (Nichols,

Brett, Andersson, Wager, & Poline, 2005) was further con-

ducted to locate areas that were sensitive to discourse topic

across beginning and ending sentences ([beginning: social >

nonsocial] ∩ [ending: social > nonsocial]) and those that

showed stronger activation in discourse endings compared to

beginnings across both topics of discourse ([social: ending >

beginning] ∩ [nonsocial: ending > beginning]). For single-

contrast and conjunction analyses, the false positive rate of a

given contrast was controlled at α < .05 using voxel-level

FWE correction implemented in SPM8, combined with a clus-

ter threshold of 10 voxels. The peak voxels were localized by

using xjView toolbox (http://www.alivelearn.net/xjview). The

results were shown using the Brainnet Viewer software (Xia,

Wang, & He, 2013).

Results

The main effect of discourse topic (social > nonsocial) was

observed in all classic regions of the ToM network, including

the bilateral MPFC, TPJ, ASTS, precuneus, and PC; in addi-

tion, it was also observed in the bilateral IFG and precentral

gyrus (Table 3 and Fig. 1). We further conducted a more strin-

gent conjunction analysis to obtain brain areas showing con-

sistent discourse topic effect across two single contrasts ([be-

ginning: social > nonsocial] ∩ [ending: social > nonsocial]).

Four clusters located in the bilateral ASTS and the ventral TPJ

showed the conjunction effect. These four regions showed

very reliable sensitivity to discourse topic. To further indicate

their functional specificity, we conducted region-of-interest

(ROI) analyses to examine whether they were also sensitive

to discourse processing period (Table S2 in the Supplementary

Material). As we have mentioned, the discourse topic effect

may reflect either social concept representation/retrieval or

social semantic integration. The brain regions specific to so-

cial concept representation and/or retrieval should be sensitive

to discourse topic and insensitive to discourse processing pe-

riod. In comparison to their activation levels in discourse be-

ginnings, the activation levels of the bilateral ASTS clusters

were not enhanced in social discourse endings and even de-

clined in nonsocial discourse endings. This resulting pattern

indicates that the bilateral ASTS are not sensitive to semantic

integration in discourse processing. Therefore, as assumed by

previous studies (Zahn et al., 2007), the bilateral ASTS may

support the representation and/or retrieval of social concepts.

The decline of its activation level in nonsocial discourse com-

prehension could be explained as a top-down modulation ef-

fect of semantic access. Participants were more aware of the

topic of the discourses in discourse endings and thus, they

accessed less social semantic information in nonsocial dis-

course endings than in beginnings. In contrast, the bilateral

ventral TPJ clusters showed stronger activation in social dis-

course endings compared to beginnings but did not show such

activation differences in nonsocial discourses. Therefore, the

bilateral ventral TPJ clusters may contribute to social semantic

integration and the discourse topic effect observed in these

regions may reflect social semantic integration rather than

social concept representation or retrieval.

The main effect of discourse processing period (ending >

beginning)was observed in the bilateral TPJ, IFG,middle fron-

tal gyrus (MFG), insula, MTG, MPFC, supplementary motor

area (SMA), and the left precuneus (Table 3 and Fig. 1). In a

more stringent conjunction analysis, the discourse processing

periodeffect ([social: ending>beginning]∩ [nonsocial: ending

> beginning]) was observed in the bilateral IFG, MFG, and

insula, as well as the left TPJ and MPFC (and adjacent SMA).

We further inspected the activation patterns of these clusters to

examine whether these regions also showed activation differ-

encesbetween the twotopicsofdiscourse.Wefound thatnineof

the ten clusters showed the discourse topic effect (social > non-

social) in ending sentences and three of them showed the dis-

course topic effect in beginning sentences (Table S3). This

resulting pattern indicates that the comprehension of false-

belief (social) discourses may involve more domain-general

semantic integration processing than the comprehension of

false-picturediscourses, especially in theendingsofdiscourses.

The brain areas showing the Bdiscourse topic × discourse

processing period^ interaction effect are shown in Fig. 2. The

interaction effect was observed in the bilateral TPJ, MTG,

MPFC, the right anterior cingulate (AC), the left angular gyrus,

and the left precuneus. The peak coordinates and cluster sizes of

these clusters are listed in Table 3. To inspect the activation

patterns of the brain regions showing the interaction effect, we

conducted a ROI analysis. To avoid the double dipping prob-

lem, we conducted a split-half analysis in which the participants

Cogn Affect Behav Neurosci (2018) 18:273–283 277

http://www.alivelearn.net/xjview


were separated into two groups, with Group 1 containing 20

participants and Group 2 containing 19 participants. In the anal-

ysis of Group 1, the ROIs were defined using the data of Group

2; in the analysis of Group 2, the ROIs were defined using the

data of Group 1. In the analysis to define the ROIs, the false

positive rate was controlled at α < .05 using cluster-level FWE

correction implemented in SPM8 (with the individual voxel

threshold probability setting of p < .001). In both groups, the

interaction effect was observed in the bilateral TPJ, MTG,

MPFC, and AC (Fig. 2). The precuneus cluster was only ob-

served in Group 2 and thus, it was not included in the ROI

analysis. The results of the ROI analysis are shown in Fig. 2.

Across the two groups, consistent result patterns were observed

in the left TPJ and in the right MTG and TPJ. The right MTG

and TPJ showed the discourse processing period effect (ending

> beginning) only in social discourses, indicating that these

regions may be specific to social semantic integration. The left

TPJ showed the discourse processing period effect in both

topics of discourse, indicating that this region may contribute

to both social and nonsocial semantic integration.

Discussion

Weexplored the brain activations associatedwith three cognitive

components involved in ToM and discourse comprehension,

Table 3 Results of whole-brain fMRI data analysis

Contrast Anatomical region Cluster size

(voxels)

MNI coordinates of

peak voxel (x, y, z)

Peak t value

Main effect of discourse topic:

Social > Nonsocial

Right superior temporal sulcus and

temporoparietal junction

949 57 3 -21 12.88

Left superior temporal sulcus and inferior frontal gyrus 455 -51 12 -30 11.88

Left temporoparietal junction 467 -42 -60 18 11.59

Bilateral medial frontal gyrus and superior frontal gyrus 596 -9 54 33 9.65

Bilateral precuneus and posterior cingulate gyrus 169 -6 -54 39 8.86

Right inferior frontal gyrus 135 57 24 3 7.92

Right superior frontal gyrus 38 24 24 45 7.38

Right precentral gyrus 41 39 6 42 6.56

Right medial frontal gyrus 30 6 51 -12 6.46

Left precentral gyrus 40 -33 3 48 6.22

Right inferior frontal gyrus 10 42 21 21 5.62

Main effect of semantic integration

demands: High > Low

Left temporoparietal junction 431 -54 -54 24 11.55

Left inferior frontal gyrus 243 -48 42 -6 10.74

Left middle frontal gyrus 373 -48 21 42 10.54

Bilateral medial frontal gyrus and supplementary

motor area

304 -12 21 63 10.41

Right middle frontal gyrus 511 48 24 33 10.08

Right temporoparietal junction 245 51 -51 27 9.75

Right insula 61 30 24 -3 9.74

Left insula 44 -30 21 -6 9.64

Left inferior frontal gyrus 85 -54 18 6 9.46

Left middle temporal gyrus 141 -57 -27 -6 8.94

Right inferior frontal gyrus 47 48 42 -12 7.55

Right middle temporal gyrus 96 57 -30 -9 7.03

Left precuneus 10 -6 -60 45 6.17

B.iscourse topic × semantic integration

demands^ interaction

Right temporoparietal junction 213 54 -51 24 8.74

Right middle temporal gyrus 158 60 -18 -12 8.51

Left middle temporal gyrus 56 -60 -21 -12 7.42

Left temporoparietal junction 136 -51 -54 24 6.83

Left medial frontal gyrus 35 -9 45 27 6.26

Right medial frontal gyrus and anterior cingulate 31 9 48 12 6.14

Left precuneus 36 -6 -54 42 5.85

Left angular gyrus 20 -42 -69 36 5.49
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which are social concept representation and retrieval, domain-

general semantic integration, and domain-specific integration of

social semantic contents. The brain activity associated with the

three cognitive processes was investigated by examining the

effects of discourse topic, discourse processing period, and the

interaction between the two in a discourse comprehension task.

The results showed that the three cognitive processes were sup-

ported by three different groups of brain regions.

The most novel finding of our study pertains to the inter-

action effect of the discourse topic and discourse processing

period. This effect was observed in the bilateral TPJ, MTG,

MPFC, and AC, in the analysis of the whole participant group

as well as in the split-half analysis. A further ROI analysis was

conducted by using a split-half approach. Across the two

groups of participants, consistent activation patterns were

found in the left TPJ and in the right MTG and TPJ. The right

MTG and TPJ showed the discourse processing period effect

only in social discourses, indicating that they may specifically

contribute to social semantic integration. Although previous

studies have indicated the domain-specificity of the right TPJ

by comparing different topics of discourses (Dodell-Feder

et al., 2011; Saxe & Kanwisher, 2003), we for the first time

reported the interaction effect of the social domain and

discourse processing period in this area. More interestingly,

a similar interaction effect was observed in the right MTG.

The involvement of this area in social semantic integration has

not been reported in previous studies and the specific function

of this area should be further investigated in future studies.

The left TPJ showed the discourse processing period effect

(ending > beginning) across the two topics of discourse, indi-

cating that it may play a role in domain-general semantic

integration. This speculation is consistent with the findings

of previous lesion studies, which have indicated that the left

TPJ is involved in not only the false belief task but also the

false picture task (Apperly, Samson, Chiavarino, Bickerton, &

Humphreys, 2007). However, it should be noted that the left

TPJ also showed strong interaction effect. It showed a much

stronger semantic integration effect in social discourses than

in nonsocial ones (see Fig. 2). Therefore, we propose that this

region may serve as an interface between the domain-general

and domain-specific semantic integration systems. The other

regions showing the interaction effect (the left MTG, the

MPFC, and the AC) did not show consistent result patterns

in the two groups of participants. This may be due to lack of

statistical power in the split-half analysis, individual differ-

ences in the anatomical distribution of functional regions, or

Fig. 1 Brain regions showing the effects of discourse topic (social > nonsocial) and discourse processing period (ending > beginning) in whole-brain

functional MRI (fMRI) data analysis
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individual differences in cognitive strategies employed in dis-

course reading. Therefore, the functions of these regions could

not be clearly inferred by the data from the present study.

We also investigated the main effects of discourse topic and

discourse processing period. The main effect of discourse topic

replicated the classic findings of the ToM network (Saxe &

Kanwisher, 2003). Brain activation was observed in the bilateral

MPFC, TPJ, ASTS, precuneus, and PC. Brain areas contributing

to social concept representation and retrieval should be sensitive

to social semantic contents but not discourse processing period.

Thus, we conducted conjunction analysis to strictly localize the

brain areas showing consistent discourse topic effect across

discourse beginnings and endings. Conjunction effect was ob-

served in the bilateral ASTS and ventral TPJ. Further ROI anal-

ysis showed that the bilateral ASTS, but not the bilateral ventral

TPJ, were insensitive to discourse processing period in social

discourses. Therefore, as has been proposed by previous studies

of social concept processing, the bilateral ASTS may support

social concept representation/retrieval (Zahn et al., 2007)2.

2
Some studies have reported semantic integration effects in the ATL (Baron&

Osherson, 2011; Bemis & Pylkkanen, 2011; Humphries, Binder, Medler, &

Liebenthal, 2006). However, there is a lack of evidence whether the ASTS

regions supporting social semantic processing and the ATL regions supporting

semantic integration overlap with each other.

Fig. 2 Brain regions showing the interaction effect of discourse topic and discourse processing period in whole-brain fMRI data analysis and the results

of the split-half region of interest (ROI) analysis
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The main effect of discourse processing period was ob-

served in the bilateral TPJ, IFG, MFG, insula, MTG, MPFC,

SMA, and left precuneus. These observations are highly sim-

ilar to the findings of the previous studies that have examined

the semantic integration effect in discourse comprehension

(Ferstl & von Cramon, 2002; Xu et al., 2005). Brain areas that

contribute to domain-general semantic integration should be

sensitive to discourse processing period in both social and

nonsocial discourses. Thus, we conducted conjunction analy-

sis to locate the brain areas showing consistent discourse pro-

cessing period effect across the two topics of discourse. The

conjunction effect was observed in large areas of the bilateral

lateral frontal cortex and in the left TPJ and superior part of the

MPFC (and adjacent SMA). It should be noted that consider-

ing that all discourses used in the present study described

outdated representations (false beliefs or false pictures), the

comprehension of discourse endings may additionally require

inhibitory control to dissociate the true representations from

the false representations (Carlson & Moses, 2001). Based on

existing knowledge from literature, we speculated that the

observed activation of the bilateral IFG and the left TPJ should

be associated with semantic integration (Bemis & Pylkkanen,

2013; Hagoort & Indefrey, 2014; Humphries et al., 2007;

Price et al., 2015; Zhu et al., 2009), whereas the effect ob-

served in the bilateral MFG and the left superior MPFC and

adjacent SMA should be associated with inhibitory control

(Cole & Schneider, 2007).

It is important to note that almost all regions showing the

discourse processing period effect in the conjunction analysis

also showed relatively stronger activation in response to social

discourse endings than to nonsocial discourse endings in ROI

analysis. This observation is consistent with the finding of a

previous study (Ferstl & von Cramon, 2002) that the ToM

effects and the semantic coherence effects (which mainly re-

flect semantic integration processes) overlap with each other

in several brain regions of the ToM network. A related obser-

vation was that the main effect of discourse topic was ob-

served in the lateral frontal cortex, which largely overlapped

with those areas showing the discourse processing period ef-

fect. The discourse topic effect in the lateral frontal cortex is

not a consistent observation across studies using the false be-

lief task (Schurz et al., 2014), although it has been observed in

some studies (Dodell-Feder et al., 2011). Our findings indicate

that such effects may be associated with the unbalanced se-

mantic integration processes between conditions. Thus, stud-

ies employing stimuli with rich semantic contents (e.g., dis-

courses, cartoons, and movies) should more carefully consider

this potential confounding effect in future.

The present study has indicated a dissociation between

domain-general and domain-specific semantic integration sys-

tems. Thus, a further interesting question is how the two sys-

tems interact with each other and how semantic information is

transferred from one to the other. Interestingly, a recent study

(Lavoie, Vistoli, Sutliff, Jackson, & Achim, 2016) indicated

that the domain-general semantic integration system, but not

the domain-specific semantic integration system, may be in-

volved in a delayed stage of discourse comprehension. In

Lavoie et al. (2016), participants read social and nonsocial

discourses consisting of two sentences. Then they saw two

statements about the discourse and were asked to select the

correct one. For both types of discourses, the first sentence

could induce an inference about the forthcoming choices and

the second sentence provided either a congruent cue that con-

firmed the initial inference or an incongruent cue that led to an

adjustment of the initial inference. Brain activations during the

reading of the second sentence and those during the response

period were analyzed. Discourse topic effect (social > nonso-

cial) was observed in both periods, and their distributions were

consistent with the typical distributions of the classic ToM

network. The congruency effect (incongruent > congruent)

was observed only in the response period, and their distribu-

tions were highly similar to those of the main effect of

domain-general semantic integration observed in the present

study. Lavoie et al. (2016) interpreted the observed congruen-

cy effect during the response period as reflecting a delayed

stage of semantic integration, which may be induced by task

demands. Interestingly, at this delayed stage, although the ef-

fects of discourse topic and semantic integration were both

observed, their interaction was not significant. Combining

our findings with the observation of Lavoie et al. (2016), it

seems that domain-specific integration of social semantic con-

tents may occur only in the on-line stage of language compre-

hension (which could not be detected in Lavoie et al.’s study

because no on-line semantic integration effect was induced by

their manipulation). Afterwards, the obtained social semantic

representations would be transferred into the domain-general

semantic system for delayed retrieval and manipulations.

Finally, it should be noted that the two dimensions that we

used to decompose ToM and discourse processing, i.e. Bsocial

versus nonsocial^ and Bprocessing of single concept versus pro-

cessingof combinationof concepts,^ areverybroaddimensions.

Our findingsmay associatewith somemore detailed dimensions

thatwe cannot specify in the present study. The semantic dimen-

sionofsocialitycanbedecomposed intoseveral sub-dimensions,

suchaswarmth, competence, communal sharing, authority rank-

ing, equality matching, and market pricing (Fiske, 1992; Fiske

et al., 2002). Previous studies have also indicated that sociality

has natural correlations with several other semantic dimensions

such as valence, arousal, and imageability (Binder et al., 2016;

Tamir, Thornton, Contreras, & Mitchell, 2016; Troche, Crutch,

&Reilly, 2014).Therefore, theobservedeffect of discourse topic

may reflect the mixture of some or all of these detailed semantic

dimensionsand their contributionsneed tobe furtherclassified in

futurestudies.Similarly, theeffectofdiscourseprocessingperiod

mayalsobeassociatedwithseveraldetailedintegrationprocesses

and factors.At the textbase level (Kintsch&vanDijk, 1978), the
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processingof the ending sentence involves rich semantic contex-

tual information while the processing of the beginning sentence

doesn’t.At the situation-model level (vanDijk&Kintsch,1983),

at the beginning period a situation model is set up and at the

endingperiodthecontentsof individualsentencesarewoveninto

a coherent and global representation (Ferstl, 2010; Yarkoni,

Speer, & Zacks, 2008). With respect to processing time scale

(Lerner,Honey,Silbert,&Hasson, 2011), the temporal receptive

window (the length of time duringwhich information inputmay

affect thecurrentprocessing) is longerat theendingperiod thanat

the beginningperiod. In addition, for the specific false-belief and

false-picture stimuli used in our experiment, the ending period

involvesmore complex inference than thebeginningperioddoes

and the false-belief stories involve additional mental-state infer-

ence in comparison with the false-picture stories (Saxe &

Kanwisher, 2003). The relationships between these detailed in-

tegration processes and factors and our findings should also be

clarified in future studies.

In summary, the present study indicates the presence of

fine-grained functional divisions of the brain network in-

volved in ToM and discourse comprehension. The bilateral

ASTS support social concept representation and/or retrieval,

the bilateral lateral frontal cortex and the superior part of

MPFC support domain-general semantic integration and per-

haps also other related domain-general processes like inhibi-

tory control, the right TPJ and MTG support social semantic

integration, and the left TPJ serves as an interface for social

semantic integration and domain-general semantic integra-

tion. These findings provide a new schema to understand the

functional organization of the human semantic processing sys-

tem and provide new insights into the neural correlates of

ToM and discourse comprehension.
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