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Concessive relations, often indicated by conjunction words such as although, are semantically and pragmatically
more complex than causal relations (expressed using because), as they involve more semantic features such as
implicated meaning and negation. However, it remains unclear how linguistic-level complexity is manifested
through different brain activities and functional connectivities. This fMRI study investigated how the neural
underpinnings of concessive relations differ from those of causal relations. Pragmatically congruent and
incongruent words were embedded in causal as well as concessive sentences. The whole-brain analysis revealed
that relative to because-congruent sentences, although-congruent sentences evoked increased activations in a left
network including IFG, bilateral MFG, mPFC, pMTG, and TPJ. DCM analysis showed that while the functional
connectivity from IFG to MFG was commonly involved in processing concessive and causal relations, functional
connectivities from pMTG to IFG and from pMTG to TPJ were involved in processing causal and concessive

relations, respectively.

1. Introduction

Understanding causality is a basic principle of human perception and
experience, as it is fundamental both to the representation of human
knowledge and to other cognitive abilities like predicting and explaining
(Noordman & de Blijzer, 2000). The development of causal reasoning
has been claimed as the earliest significant advance in the evolution of
human cognition. It lays the basis for the set of cognitive competencies
that is essentially human, e.g., understanding the attribution of moti-
vations and intentions (i.e., ToM: theory of mind) and predicting the
future (Stuart-Fox, 2015). Behavioral studies have shown that causal
discourses connected by causal conjunctions (e.g., Grandma has moved
from Harbin to Hainan, because she liked the warm winter there.) are
comprehended faster and better compared to causal discourses without
causal conjunctions (e.g., Grandma has moved from Harbin to Hainan. She
liked the warm winter there; Caron, Micko, & Thiiring, 1988; Cozijn,
Noordman, & Vonk, 2011; van Silfhout et al., 2015; Xu et al., 2018; but

see Blumenthal-Dramé 2021 for a language variation between German
and English). Evidence from fMRI studies demonstrated that in com-
parison to incohesive sentences with no explicit conjunctions (e.g.,
Mary’s exam was about to start. Her palms were sweaty), cohesive sen-
tences linked by explicit conjunctions (e.g., causal conjunction therefore,
in “Mary’s exam was about to start. Therefore, her palms were sweaty”)
induced increased activations in the left supramarginal gyrus and
intraparietal sulcus (Ferstl & von Cramon, 2001) or the left middle
temporal cortex (Prat et al., 2011). Other studies showed increased ac-
tivations in the left hemisphere (e.g., inferior frontal gyrus/IFG, middle
frontal gyrus/MFG, middle temporal gyrus/MTG) for causally related
sentences compared to casually unrelated sentences even if the causal
connection was realized through a discourse context rather than explicit
conjunctions (Kuperberg et al., 2006; Kim et al., 2012), suggesting that
causal inference plays an important role in establishing discourse
coherence.

Compared with causal relations, concessive relations are used far less
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frequently in natural language (Blumenthal-Dramé, 2021; Konig, 1985;
Verhagen, 2005). Concession has been argued to be semantically and
pragmatically more complex than causality (Konig & Siemund, 2000). A
causal sentence like “Grandma has moved from Harbin to Hainan, because
she liked the warm winter there” explicitly asserts a causal connection
between a proposition p (people like to live in a warm place in the
winter) and another proposition q (people move from a cold place to a
warm place). The same causal connection (p, q), however, is implicit in a
concessive sentence “Grandma has moved from Hainan to Harbin, although
she liked the warm winter there”. Therefore, inferential processes have to
be deployed to reach the implicated meaning (people generally like to
live in a warm place in winter) in concessive relations but much less so in
causal relations. Moreover, in concessive sentences, the two proposi-
tions p and q are inherently contradictory (preferring to live in a warm
place vs actually moving to a cold place). The presence of a concessive
conjunction although would help resolve such a conflict by prompting
the comprehender to make an inference and bridge the gap between the
two propositions (Grandma moved to Harbin not out of her preference;
her preferred place was actually Hainan because of its warmth in
winter), or by simply prompting the comprehender to carry out a
negation operation on the implicated causal association between mov-
ing from Hainan to Harbin and Hainan being warm. Therefore,
compared with the processing of casual relations, the processing of
concessive relations might involve additional computing processes,
including making an inference and negating an implicated causal
connection (Blumenthal-Dramé, 2021; Konig & Siemund, 2000; Xu
et al., 2015). Furthermore, incongruent information (world knowledge
incongruence such as Harbin’s winter being warm) could be handled
differently in concessive and causal relations. In causal relations, since
the presence of an overt causal marker because clearly signals a causal
association between two propositions, semantic/pragmatic information
violating this causal expectation would be particularly salient and thus
easily detected. In concessive relations, however, processing concessive
relations itself is cognitively demanding (e.g., simultaneously building/
maintaining two incompatible representations), and therefore only
limited resources are available for pragmatic congruence, making
incongruent information less readily detectable (Xu et al., 2018).

How does the neurocognitive mechanism underlying the compre-
hension of concessive relations differ from that of causal relations? A
number of behavioral and electrophysiological attempts have been
made to shed light on this issue. Behaviorally, both the speed and the
accuracy of answering comprehension questions become worse for
concessive sentences than for causal sentences (Kohne & Demberg,
2012; Lyu, Tu, & Lin, 2020; Xu et al., 2018). Two recent event-related
potential (ERP) studies directly compared the electrophysiological re-
sponses elicited by concessive and causal relations embedded in prag-
matically congruent and incongruent sentences. Xiang and Kuperberg
(2015) found that pragmatic anomalies in sentences (e.g., Elizabeth had a
history exam on Monday. She took the test and aced (vs failed) it. Even so,
she went home and celebrated wildly) connected by a concessive
conjunction (i.e., even so) evoked a larger N400 effect than pragmatic
anomalies in sentences with no explicit conjunctions but are causally
related by default (e.g., Elizabeth had a history exam on Monday. She took
the test and failed (vs aced). She went home and celebrated wildly), sug-
gesting that overt concessive conjunctions facilitate the detection of
pragmatic anomalies in real-time sentence comprehension. Of particular
relevance to the current purpose, Xu et al., (2015) directly compared
ERP responses to pragmatically incongruent and congruent knowledge
in concessive and causal relations during discourse comprehension. A
pragmatically incongruent word evoked a larger late positive response
(P600) than a pragmatically congruent word in the causal construction
(see B vs A in Table 1), whereas an analogous pragmatic incongruence
evoked a late negative effect (N600) in the concessive construction (see
D vs Cin Table 1), even though a typical N400 effect was elicited by the
incongruence in both cases. The above two studies not only point to
differential neurophysiological processes underlying the processing of
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Table 1
The exemplar sentences adopted in Xu et al., (2015) and in the current fMRI
experiment.

Conditions Examples

A SHEMEIET R T iBE, EvtE AR R L REM.
Waipo cong Harbin qiandaole Hainan, yinwei ta xihuan nali
dongtian nuanhuo.

Grandma has moved from Harbin to Hainan, because she liked
the warm winter there.

B. NENERITER T IR, R ERIBELKEM.
Waipo cong Hainan giandaole Harbin, yinwei ta xihuan nali
dongtian nuanhuo.

Grandma has moved from Hainan to Harbin, because she liked
the warm winter there.

C. HNENBRTE T I|RIER, REMERBELXEN.
Waipo cong Hainan giandaole Harbin, jin’guan ta xihuan
nali dongtian nuanhuo.

Grandma has moved from Hainan to Harbin, although she liked
the warm winter there.

D. SAEMRETE T B, REMENAELKEM.
Waipo cong Harbin giandaole Hainan, jin’guan ta xihuan
nali dongtian nuanhuo.

Grandma has moved from Harbin to Hainan, although she liked
the warm winter there.

Because-congruent

Because-
incongruent

Although-
congruent

Although-
incongruent

concessive and causal relations, but also suggest that the neural mech-
anisms dealing with the pragmatically incongruent information (vs
congruent information) conveyed by the two types of sentences are also
different. We will come back to this issue in the Discussion.

Moreover, there could be individual variations in processing prag-
matic meaning and discourse relation. Previous studies have revealed
the important role of an individual’ pragmatic skills in understanding
the implicated meaning of a sentence. For example, readers with higher
pragmatic abilities (as indexed through the communication subscale of
the Autism Spectrum Quotient (AQ) questionnaire which quantifies an
individual’s pragmatic skills on a continuum from autism to typicality;
Baron-Cohen et al., 2001) showed an increased N400 response to
underinformative scalar statements (e.g., some people have lungs)
compared to the informative ones (e.g., some people have pets). This ef-
fect, however, was absent in readers with lower pragmatic abilities
(Nieuwland et al., 2010). Similar findings have also been observed for
other complex sentences (e.g., counterfactual sentences) requiring ac-
cess to more than one mental representation (Kulakova & Nieuwland,
2016). It is suggested that generating pragmatic inferences is more
costly for readers with low pragmatic abilities. More importantly, fMRI
studies further revealed that activation in the left frontal-temporal areas
(e.g., the dmPFC, and the posterior superior temporal sulcus) signifi-
cantly correlated with participants’ scores on communication skills as
measured by the AQ (Feng et al., 2021b; Nummenmaa et al., 2012). For
example, relative to direct replies in a conversation (Q: Do audiences like
literary films? A: It is hard for audiences to really enjoy a literary film),
indirect replies (Q: Will my film be successful at the box office? A: It is hard
for audiences to really enjoy a literary film.) activated core regions of the
ToM network - dmPFC and TPJ, and the magnitude of activation in the
dmPFC negatively correlated with the social skill (AQ) scores, suggest-
ing that understanding others’ communicative intentions in an indirect
speech relies heavily on one’s pragmatic abilities (Feng et al., 2021b).

Reading span (as indexed by verbal working memory span; Daneman
& Carpenter, 1980) has also been found to be important in processing
complex sentences. ERP studies (Chen et al., 2022; Miinte et al.,1998;
Politzer-Ahles et al., 2017; Xiang et al., 2014), for example, consistently
showed a larger negativity in frontal regions in response to an non-
chronological temporal relation linked by before (e.g., “before the scien-
tist submitted the paper, the journal changed its policy”) relative to a
chronological temporal relation linked by after (e.g., “after the scientist
submitted the paper, the journal changed its policy”), and the size of this
negativity effect was positively correlated with individuals’ verbal
working memory scores. Given that the negativity effect can be
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interpreted as reflecting the increased processing costs of establishing
and keeping a reversed (vs chronological) temporal representation
(Chen et al., 2022; Miinte et al.,1998; Xiang et al., 2014), it seems that
readers with larger working memory span are better at retrieving and
maintaining a discourse representation in a reverse temporal order.
fMRI studies revealed increased activations in the frontal-temporal re-
gions for syntactically complex vs simple sentences as a function of
increasing verbal working memory span (Fiebach et al., 2004; Newman
et al., 2013; Prat et al., 2007; Prat & Just, 2011). Prat and Just (2011),
for example, investigated how the comprehension of syntactically
complex sentences (containing an object-relative clause) vs simple
sentences (composed of two active-conjoined clauses) is related to
working memory capacity. They found that the syntactic complexity
effect, as measured by subtracting the activation of simple sentences
from complex sentences in a number of control/memory related regions
(e.g., prefrontal, hippocampus, precuneus), was positively correlated
with participants’ working memory span, suggesting that individuals
with larger working memory capacity are better at computing more
syntactically complex structures. Considering the potential influence of
individual differences in pragmatic skills and working memory capacity
on understanding implicated meanings and complex structures, the
present study will take both into consideration when comparing the
neurocognitive processing of concessive vs causal relations.

Although there are currently no studies on the neurocognitive
mechanisms of understanding concessive relations, a number of neuro-
imaging studies have explored the neural correlates of computing nega-
tion and processing implicated meaning. The brain structures involved in
computing negation have been located in the left premotor cortex
(Christensen, 2009) and the bilateral anterior temporal pole (Kumar
et al., 2013), which seem to be different from the classical perisylvian
language areas. It has been proposed that the processing of negation is
implemented at the neural level by the recruitment of inhibitory and
cognitive control mechanisms — the comprehension of negation reuses
the inhibitory mechanism of motor control (Aron et al., 2014; Beltran
et al., 2018; de Vega et al., 2016; Vitale et al., 2022). Specifically, the
right inferior frontal gyrus (rIFG), as a core region in inhibitory control,
plays a crucial role in suppressing a negated statement (e.g., by reducing
motor activities for a negated action in the primary motor cortex; Vitale
et al.,, 2022). On the other hand, the core brain areas responsible for
processing implicated meaning are located in the frontal-parietal
network, including the left IFG, medial prefrontal cortex (mPFC),
bilateral middle temporal gyrus (MTG), temporal parietal junction
(TPJ)/angular gyrus (AG) (Cocchi et al., 2014; Feng et al., 2017; Jang
et al., 2013; Li et al., 2014; Prado et al., 2015; Ye et al., 2009a, 2009b,
2012; Zhan et al., 2017). Within this left brain network, the pMTG plays
a crucial role in controlled semantic retrieval, such as when linguistic
inputs or retrieved meanings are ambiguous or unexpected (Davey et al.,
2015; 2016; Jackson, 2021; Lambon Ralph et al., 2017).

Both the access to the implicated meaning and the computation of
negation could lead to difficulties in processing concessive relative to
causal relations. This cognitive complexity could be manifested in the
activation of brain structures as well as the functional connectivities
between the involved brain areas. Based on the role of the left premotor
cortex and the bilateral anterior temporal pole in processing negation
and the left IFG, mPFC/MFG, pMTG, and the bilateral TPJ in processing
implicated meaning, we could not only reveal the brain structures
involved in processing concessive and causal relations but also discern
the critical cognitive components involved in processing concessive (vs.
causal) relations.

Specifically, if the processing difficulty of concessive relations is
primarily due to the additional operation of negation relative to causal
relations (e.g., C vs A in Table 1), we should find stronger activations in
those areas responsible for negation computation, such as the left pre-
motor cortex (Christensen, 2009), the bilateral anterior temporal pole
(Kumar et al., 2013), or at least the core region responsible for sup-
pressing a negated statement (i.e., the right inferior frontal gyrus; Vitale
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et al., 2022). If, however, the difficulty arises mainly from inferring the
implicated meaning rather than the additional computation of negation,
we should observe not only the recruitment of the core network of
language comprehension like the left frontal-temporal cortex (e.g., IFG,
STG, MTG) but also other extra-linguistic areas that are crucial for
inferential processing or semantic/cognitive control such as left mPFC/
MFC, pMTG and bilateral TPJ/AG (Frank, Baron-Cohen, & Ganzel,
2015; Feng et al., 2017; 2021a; 2021b; Friese, Rutschmann, Raabe, &
Schmalhofer, 2008; Jang et al., 2013; Mason & Just, 2011; Noonan et al.,
2013). In particular, given the important role of the left pMTG in pro-
cessing complex event semantics (e.g., Davey et al., 2016; Jackson,
2021; Lambon Ralph et al., 2017; Tyler et al., 2011), the effective con-
nectivity from the left pMTG to core linguistic and extra-linguistic areas
could be different in the processing of concessive vs causal relations.

Moreover, the neural correlates of processing pragmatic anomalies
could be different for concessive and causal relations as well (Xu et al.,
2015; 2018). The brain areas subserving semantic retrieval/integration
such as the left IFG (Hagoort et al., 2004; Hagoort & Indefrey, 2014)
could be activated by pragmatic anomalies. In addition, brain areas
responsible for non-literal inference (e.g., pragmatic enrichment) such
as TPJ/STG and MFG could also be activated (Kuperberg et al., 2000; Li
et al., 2014; Riischemeyer et al., 2005; Shibata et al., 2010), since an
inferential process might be initiated to rationalize the pragmatic
incongruence. By contrast, the areas showing enhanced activation in the
processing of causal anomalies (relative to felicitous causal relations)
would show less activation enhancement in the processing of concessive
anomalies (relative to felicitous concessive relations) due to a higher
baseline activation triggered by the processing of normal concessive
relations (e.g., Xu et al., 2015; 2018).

Finally, given individual variations in pragmatic abilities (Feng et al.,
2021b; Nieuwland et al., 2010), we predicted that individuals who had
low abilities in pragmatic inference (as indexed by a high score on the
AQ-Communication subscale) would depend more on the areas
responsible for pragmatic inference (e.g., dmPFC, pMTG; Feng et al.,
2021b; Nummenmaa et al., 2012) to reach the implicated meaning in
concessive relations. Moreover, since understanding concessive relation
involves more complex cognitive operations such as computing negation
and/or making inference, it could have a closer association with one’s
memory capacity compared to comprehending causal relations. Thus,
individuals who have a smaller working memory span might depend
more on those areas responsible for working memory (e.g., left pre-
frontal cortex, MFG; Fiebach et al., 2004; Li et al., 2014; Luerding et al.,
2008; Prat & Just, 2011) to process concessive relations.

2. Methods
2.1. Participants

Thirty-four healthy right-handed university students took part in this
experiment. Six participants were excluded from data analysis due to
excessive head movements (>3 mm of locomotion or 3 degrees of
rotation), leaving 28 participants (14 women, mean age 22.1 years, age
ranging from 19 to 26 years) for the final data analysis. This sample size
(N = 28) was determined with reference to published fMRI studies on
pragmatic/semantic inference adopting a 2 x 2 factorial design (e.g., N
= 28, Feng et al., 2021b; N = 20, Li et al., 2022; N = 28, Nieuwland,
2012). We also conducted a simulation-based power analysis using the
function R2power in the R package mixedpower (Kumle et al., 2021)
based on the behavorial data of a previous relevant study (which used
the same stimuli and acceptability rating task (see Table 3 in Xu et al.,
2015). The simulation analysis showed that 28 participants were needed
to reach 90 % power. The finally recruited 28 participants were all
native speakers of Chinese, had normal or corrected-to-normal vision,
and no history of neurological or psychiatric disorders. Each of them
gave informed written consent before the experiments. This study was
carried out in accordance with the Declaration of Helsinki and was
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approved by the Ethics Committee of the Nanjing Normal University.
2.2. Design and materials

The stimulus materials consisted of 128 quartets of written Chinese
two-clause sentences, which were taken from a previous ERP experi-
ment (Xu et al., 2015). As shown in Table 1, the main clause stated that a
protagonist moved from location A to location B, the subordinate clause
either provided a statement addressing the cause of the movement in a
because structure (see sentence A/B) or a statement conceding an atti-
tude towards the movement in an although structure (see sentence C/D).
The subordinate clause always contained a positive attitude-biased verb
(it could be one of the following verbs: E3X/like, 81; #8 /prefer, 25; 18
S /believe, 8; S18/be used to, 8; others, 6) to explain the reason for the
movement. The two locations mentioned in the main clause have certain
characteristics that distinguish them from each other (e.g., warm vs cold,
expensive vs cheap) or have been featured by different symbols known
throughout China (e.g., the Great wall is in Beijing), which leads to an
unambiguous resolution of the locative pronoun in the subordinate
clause.

Each critical sentence in a quartet was assigned to a different test list
with a Latin square procedure, such that in each list there were 32
sentences per experimental condition. A set of 40 filler sentences were
added to each list. To reduce the potential influence induced by the
positive attitude words (e.g., like, prefer), the subordinate clauses in half
of the fillers (20 sentences) contained negative attitude words (e.g.,
dislike) or neutral words (e.g., know). The other half of the fillers (20
sentences) had various types of sentence structures (connected by
because or although) and described a variety of situations. All of the 168
sentences in each list were pseudo-randomized, with the restriction that
no more than three consecutive sentences were of the same condition
and no more than three consecutive sentences were pragmatically cor-
rect or incorrect. Participants were randomly assigned to one of the four
lists. The fMRI scanning was divided into three sessions, lasting
approximately 15 min per session.

2.3. Procedure

In the fMRI experiment, each sentence was presented segment-by-
segment in rapid serial visual presentation (RSVP) mode at the center
of the screen. Each segment was presented for 300 ms followed by a 300
ms blank screen. Each segment was printed with a white font against a
black background, subtending 1° to 3° in visual angle horizontally and
1° vertically. Participants were instructed to silently read and under-
stand the meaning of each sentence, and to perform a comprehensibility
rating task (the plausibility of the sentence) at the end of each sentence
on a 7-point visual analog scale. This was done by repeatedly pressing a
response button with the right hand to move the cursor on the scale; the
rating was confirmed by pressing a button with the left hand. The per-
mutation order from left to right was 1-7 (1 indicating the least
acceptable and 7 indicating the most acceptable) in one half and 7-1 in
the other half. To optimize the design’s statistical efficiency, a fixation
point (“+”) between successive sentences was presented in different
durations (“jittered”) across trials.

Before scanning, each participant received written instructions about
the experimental procedure and completed 28 practice trials that had
structures similar to the sentences in the fMRI scanning. To test indi-
vidual variations in social communication and working memory, all the
participants were asked to return to the lab a few days later after
scanning and to complete the following two questionnaires, one testing
their pragmatic inference abilities (communications abilities) by using
the Chinese version of the Autism-Spectrum Quotient questionnaire
(AQ; Baron-Cohen, Wheelwright, Skinner, Martin, & Clubley, 2001),
and the other testing their reading span (i.e., verbal working memory).
In the verbal working memory test, participants pressed a key to judge
whether the sentence presented on the screen was true or not and at the
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same time memorized the last word of each sentence. The number of
sentences in a set was incrementally increased from one to eight. Par-
ticipants were asked to type in the memorized words in order after each
set. Reading span capacity scores were calculated by summing the
number of words recalled in correct sequence with correct judgment of
each sentence (Daneman & Carpenter, 1980).

2.4. Data acquisition

Functional images were acquired on a 3-Tesla MRI scanner (GE
MR750, General Electric, Fairfield, Connecticut), using a T2*-weighted
echo planar imaging (EPI) sequence, with a TR of 2000 ms, a TE of 30
ms, and a 90° flip angle. Each image consisted of 32 axial slices covering
the whole brain and was acquired in an interleaved sequence. Slice
thickness was 4 mm and inter-slice gap was 1 mm, with a 200 mm field
of view (FOV), 64 x 64 matrix, and 3 x 3 x 4 mm? voxel sizes. Head
motion was minimized using pillows and cushions around the head and
a forehead strap.

2.5. Statistical analysis of imaging data

2.5.1. Whole-brain analysis

Image preprocessing and analysis were conducted with the Statistical
Parametric Mapping software SPM12 (Wellcome Trust Department of
Cognitive Neurology, London). Following the standard procedures
implemented in SPM12, images were slice-time corrected (with the
middle slice as the reference), motion corrected, normalized to MNI
space (resampled to 3 x 3 x 3 mm? isotropic voxel), spatially smoothed
using an 8 mm FWHM Gaussian filter, and temporally filtered using a
high-pass filter with 1/128 Hz cutoff frequency. For each participant,
the extent of head movements did not exceed one voxel size.

The preprocessed data were analyzed using a general linear model
(GLM) approach. To identify brain areas that encode concessive and
causal relations, in GLM1, we defined 7 critical regressors at the
participant-level (Huettel et al., 2014). The first four regressors corre-
sponded to the four critical conditions (i.e., regressors of interest),
namely, because-congruent, because-incongruent, although-congruent,
and although-incongruent. Each started from the onset of the initial word
(i.e., yinwei/because or jin’guan/although) of the second clause until the
offset of the last one. The other three repressors (i.e., regressors of no
interest) were the initial clauses of the experimental sentences (starting
from the onset of the initial word and spanning the duration of the initial
clause), the filler sentences (the actual onset and the duration), and the
after-sentence rating, respectively. In addition, six rigid-body movement
parameters calculated from the realignment procedure were also
included to correct for head-motion artifacts. All regressors were
convolved with a canonical hemodynamics response function (HRF).
The onset and duration of each regressor were defined according to the
actual onset and duration of each experimental stimulus.

We defined two contrasts for the main effect of conjunction type and
main effect of congruency:

Main effect of conjunction type (Contrast 1): (although-incongruent
+ although-congruent) > (because-incongruent + because-congruent).

Main effect of congruency (Contrast 2): (although-incongruent -
because-incongruent) > (although-congruent - because-congruent).

For the simple effects, we defined the following four contrasts:
(although-congruent > because-congruent), (although-incongruent >
because-incongruent), (although-incongruent > although-congruent), and
(because-incongruent > because-congruent).

Second-level models were constructed as one-sample t-tests using
contrast images from the first-level models. All results were corrected for
multiple comparisons using the threshold of peak-level p < 0.001 (un-
corrected) combined with cluster-level p < 0.05 (FWE-corrected). This
cluster-level threshold was determined using a Monte Carlo simulation
as implemented in the AFNI AlphaSim package (https://afni.nimh.nih.
gov/pub/dist/doc/manual/AlphaSim.pdf). Statistic parametric maps
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are presented at this threshold unless otherwise noted.

2.5.2. The correlations between brain activations and individual differences

We used the statistical maps from the t-tests in the first-level analysis
to examine brain activations that correlated with individual differences
in pragmatic inference (i.e., AQ scores; Baron-Cohen et al., 2001) and
verbal working memory (i.e., Reading span; Daneman & Carpenter,
1980). In the second-level analysis, we used measures of AQ and
working memory scores as covariates and activations in the contrasts
‘although-congruent vs because-congruent’ recorded from t-tests in the
first-level analysis as dependent variables. We also carried out a corre-
lation analysis of the main contrast of conjunction type, (although-
incongruent + although-congruent) > (because-incongruent + because-
congruent), based on the same procedure.

To confirm the correlations obtained at the whole-brain analysis, we
also performed the ROI-based correlation analysis. The ROI data cor-
responding to the main contrast of conjunction type were extracted from a
3-mm-radius sphere centered at peak voxels, including the left MTG
([-60, —7, —11]) and the mOFC ([-6, 56, —5]).

2.5.3. Dynamic causal modelling (DCM)

To reveal the dynamic interactions between different interesting
brain areas, we evaluated different models of functional architecture
and effective connectivity as a result of experimental manipulation
(Friston et al., 2003; Huettel et al., 2014) using DCM 10 (Stephan et al.,
2010). The following parameters were specified: 1) the fixed connec-
tivity between two areas in the absence of modulating experimental
effects (i.e., the intrinsic connections); 2) the change in the intrinsic

Model Family 1

@
// //

Model Family 2
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connectivity between areas induced by experimental manipulations; and
3) the direct influence of the external input on area activities (i.e., the
driving input). The current DCM analysis aimed to identify the con-
nections modulated by different types of conjunctions, i.e., by
comparing concessive relations vs causal relations. One of the most
important differences between the two types of relations is that the
concessive relation conveys a certain implicated meaning (an implicit
causality). Therefore we used DCM to examine the effective connectivity
between brain areas that encode implicated meaning.

On the basis of the second level contrast of although-congruent vs
because-congruent, four volumes of interest (VOIs) were selected: the left
inferior frontal gyrus (IFG; peak MNI: —54, 20, 16), the left middle
frontal gyrus (MFG; peak MNI: —38, 15, 47), the left temporal-parietal
junction (TPJ; peak MNI: —54, —55, 31), and the left posterior middle
temporal gyrus (pMTG; peak MNI: —54, —31, —11). The 3-mm spherical
VOIs (centered at these peak voxels) were extracted and adjusted for the
session average in the DCM analysis.

Evidence from structural and functional connectivities showed that
the pMTG is among the most highly connected cortical “hubs” for human
language processing (Buckner et al., 2009; Hagoort, 2017): the pMTG is
structurally interconnected with major components of the language
comprehension network including the left IFG (Broca’s area) and left
pSTS/BA39, either via long or short fibers (Dronkers et al., 2004; Turken
& Dronkers, 2011). Moreover, given the important role of the IFG in
semantic integration (Grewe et al., 2005; Hagoort et al., 2004; van
Ackeren et al., 2016) and the direct connections in the left hemisphere
between IFG and other language-relevant areas in the temporal and
parietal cortex (e.g., MTG, AG/TPJ; den Ouden et al., 2012; Hagoort,
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Fig. 1. Illustration of the DCM model families. Nine model families differ with respect to the driving input areas as indicated by solid arrows.
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2014; Mar 2011; Ye et al., 2012), we specified an intrinsic connectivity
between the pMTG/IFG and other related brain areas. The driving input
was set to either IFG or pMTG, or to combinations between the two areas
(See Fig. 1), resulting in 9 model families in total. Within each model
family, modulator effects of conjunction type (although-congruent or
because-congruent) were placed on different intrinsic connectivities in
different individual models. Given the important role of the pMTG in
complex semantic control/retrieval (Davey et al., 2015; Lambon Ralph
et al., 2017; Noonan et al., 2013) and the TPJ in pragmatic inference
(Feng et al., 2017), our main hypothesis was that the connectivity be-
tween the pMTG and IFG might be different from the connectivity be-
tween the pMTG and TPJ during the processing of concessive vs causal
relations. We therefore specified eight single models within each family.
Within each model, the information flow between the pMTG and IFG/
TPJ, and between the IFG and MFG could be bidirectional or in one
direction only. Table 2 summarizes the structure of the modulatory
connectivities in the eight models.

These models and model families were then compared using
Bayesian model selection (BMS), which appeals to a Bayesian frame-
work to calculate the “model evidence” of each model. The model evi-
dence represents the trade-off between model simplicity and fitness
(Penny et al., 2010). Here, BMS was implemented using a random-
effects analysis (i.e., assuming that the model structure might vary
across participants) that is robust to the presence of outliers (Stephan
et al., 2010). Based on the estimated model evidence for each model,
random effect BMS calculates the exceedance probability of each model,
reflecting the probability that this model is a better fit to the data than
any other models. When model families were compared, all models
within a family were averaged using Bayesian Model Averaging, and the
exceedance probabilities were calculated for each model family (Penny
et al., 2010). Model parameters were estimated based on the averaging
of the winning family and were tested using one-sample t-tests.

3. Results
3.1. Behavioral results

We carried out linear mixed effect model analysis in R (version 4.0.2,
R Development Core Team, 2020) on the behavioral rating data
(Table 3). Results from the finally fitted model (R formula: Lmer (scale
(rating) ~ conjunction type * congruency + (1 + congruency | item) +
(1 + conjunction type + congruency | subject)) showed a significant
two-way interaction between conjunction type and congruency (8 =
—3.85, SE = 0.04, t = —9.70, p < 0.001). Follow-up analyses to resolve
the interaction showed that because-incongruent sentences were less
acceptable than because-congruent sentences (f = —1.72, SE = 0.07, z =
—25.23, p < 0.001), and although-incongruent sentences were less
acceptable than although-congruent sentences (8 = —1.34, SE = 0.07, z
= —19.59, p < 0.001; See Table 3). Moreover, because-congruent sen-
tences were more acceptable than although-congruent sentences (f =
0.30, SE = 0.04, z = 8.59, p < 0.001), whereas because-incongruent

Table 2

The structure of the modulatory connectivities in DCM.
Models 1 2 3 4 5 6 7 8
pMTG — IFG 1 1 1 1 0 1 1 1
pPMTG « IFG 0 1 1 1 1 1 1 1
pPMTG — TPJ 0 0 1 1 0 1 1 1
pPMTG < TPJ 1 1 1 1 1 1 1 1
IFG - MFG 0 1 1 1 0 0 1 1
IFG < MFG 1 1 1 1 1 1 1 1
TPJ — MFG 1 1 1 1 0 0 1 1
TPJ « MFG 0 0 1 1 1 1 1 0
IFG - TPJ 0 0 0 1 0 0 0 0
IFG < TPJ 0 0 1 1 0 0 0 0
MTG — MFG 0 0 0 0 0 0 0 1
MTG < MFG 0 0 0 0 0 0 1 1
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Table 3
Results from both the on-line (this study) and the off-line (Xu et al., 2015)
acceptability rating tests using the same stimuli.

On-line rating Off-line rating

Mean SD Mean SD
because_congruent 6.56 0.50 6.46 0.31
because_incongruent 1.68 0.39 1.40 0.33
although_congruent 5.70 1.04 5.71 0.70
although_incongruent 1.92 0.59 1.52 0.32

sentences were less acceptable than although-incongruent sentences (4
= —0.08, SE = 0.04, z = —2.34, p = 0.019).

3.2. Whole-brain analysis

Results of the whole-brain analysis are presented in Table 4 and
depicted in Fig. 2a-b. As revealed by the main effect of conjunction type
(‘although-incongruent + although-congruent’ > ‘because-incongruent +
because-congruent’), a left frontalparietal network including (bilateral)
MFG, (bilateral) IFG, pMTG, and IPL/AG was significantly activated by
concessive relations relative to causal relations. However, the contrast
for the main effect of congruency only revealed activations in the right
Supramarginal Gyrus/IPL. In particular, similar to the activation pattern
observed under the main effect of conjunction type, a left brain network
including the left IFG, pMTG, (bilateral) MFG, mPFC, and (bilateral)
AG/TPJ was strongly involved in the contrast of although-congruent
condition vs because-congruent condition (see Fig. 2a and Table 4). On
the other hand, the contrast of because-congruent condition vs although-
congruent condition mainly activated the left Precentral/Postcentral
Gyrus, the left Medial Frontal Gyrus, and the right MTG. The contrast of
although-incongruent vs because-incongruent mainly activated the left
IFG, MFG, and the (bilateral) IPL (Fig. 2b). Interestingly, while the
contrast of because-incongruent vs because-congruent activated the right
Supramarginal Gyrus/STG and the right MFG (Fig. 2c), there were no
robust activations in the contrast of although-incongruent vs although-
congruent sentences.

3.3. Region of interest (ROI) analysis

We also performed independent region of interest (ROI) analysis on
the critical areas (IFG ([—46, 22 12]), MFG ([-32, 18, 42]), TPJ ([—48,
—52, 28]), and pMTG([—58-34 —12]), which have been previously re-
ported to be crucial for pragmatic inference (Mason & Just, 2011) and
semantic control (Noonan et al., 2013; Tyler et al., 2011). Consistent
with the whole-brain analysis, although-congruent sentences evoked
stronger brain activations than because-congruent sentences (all ROIs),
although-incongruent sentences elicited stronger activations than
because-incongruent sentences (IFG, pMTG), and because-incongruent
sentences elicited stronger activations than because-congruent sentences
(MFG). One difference from the whole-brain analysis, however, was that
stronger activations were observed in TPJ for although-congruent sen-
tences than for although-incongruent sentences, t(27) = 2.79, p = 0.01.

3.4. The correlations between brain activations and individual differences

For the contrast of conjunction type °‘(although-incongruent +
although-congruent) vs (because-incongruent + because-congruent)’,
activation in the left MTG was positively correlated with AQ scores (M =
3.07, SD = 1.92, range = 0-6; Fig. 3a), as confirmed by the ROI-based
analysis (r = 0.607, p < 0.01; Fig. 3c), suggesting that individuals
with low communication abilities would depend more on this region to
get to the implicated meaning. Moreover, activation in the left medial
Prefrontal Cortex (mOFC) was positively correlated with verbal working
memory scores (M = 3.08, SD = 0.86, range = 1-5; Fig. 3b), as
confirmed by the ROI-based analysis (r = 0.605, p < 0.01; Fig. 3d).
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Table 4
Activations from the whole brain analysis.
Cluster Peak Cluster
Size T p (FWE-cor) X y z
although> because Middle Frontal Gyrus_L 900 7.99 <0.01 —42 17 49
Inferior Frontal Gyrus_L - 7.43 - —54 20 16
Supp_Motor_Area_L 306 6.67 <0.01 -3 23 49
Middle Temporal Gyrus_L 132 6.02 0.05 —54 -34 -11
Middle Frontal Gyrus_R 218 5.32 0.01 48 20 43
Inferior Frontal Gyrus_R - 4.61 - 51 23 22
Inferior Parietal Lobule_L 375 5.06 <0.01 —42 —-52 43
Angular L - 5.02 - —42 —-49 31
Inferior Frontal Gyrus_R 30 4.57 0.5 33 29 -5
Precuneus_R 174 4.34 0.02 9 -70 37
Precuneus_L - 4.25 - —6 -76 37
incongruent > Supramarginal Gyrus_R 44 4.27 0.32 45 —46 34
congruent
Inferior Parietal Lobule R - 3.86 - 54 —52 40
Middle Frontal Gyrus_R 26 3.86 0.54 36 26 40
although_con > Middle Frontal Gyrus_L 612 8.7 <0.01 —42 17 49
because_con
Inferior Frontal Gyrus_L - 7.37 - —54 20 16
Middle Temporal Gyru_L 146 6.63 0.03 —54 -31 -11
Supp_Motor_Area_L 238 6.32 0.01 -9 17 61
Medial Frontal Gyrus_L - 6.32 - -6 26 46
Middle Frontal Gyrus_R 153 5.77 0.03 48 20 46
Angular L 382 5.73 <0.01 —54 -55 31
Insula_ L 30 4.43 0.5 -30 26 -8
Precuneus_L 47 4.32 0.33 -6 —67 40
Angular R 27 3.81 0.54 57 -55 31
because_con> Cingulate Gyrus_R 83 5.13 0.14 15 -37 43
although_con Postcentral L; 360 4.76 <0.01 -33 -22 43
Precentral Gyrus_L - 4.64 - -30 -22 61
Sub-Gyral R 234 4.22 <0.01 51 -1 16
Middle Temporal Gyrus_R - 4.13 - 60 -7 -5
Medial Frontal Gyrus_L 68 4.17 0.20 -3 53 -8
because_incon> Supramarginal Gyrus_R 238 4.58 <0.01 45 —46 34
because_con
Inferior Parietal Lobule_R - 4.56 - 60 -55 37
Superior Temporal Gyrus_R - 4.44 - 60 —64 25
Middle Frontal Gyrus_R 121 4.5 0.05 45 26 43
because_con> Sub-Gyral R 75 4.5 0.15 48 -1 16
because_incon
although_incon> Middle Frontal Gyrus_L 259 5.94 <0.01 —54 23 25
because_incon
Precentral L - 5.34 - -39 8 43
Inferior Frontal Gyrus_L - 3.99 - -51 23 1
Inferior Parietal Lobule R 161 4.98 0.03 48 -37 52
Sub-Gyral R - 4.65 - 30 —46 34
Angular R - 3.73 - 36 —58 46
Middle Frontal Gyrus_L 70 4.94 0.19 -39 53 10
Corpus Callosum 64 4.72 0.22 0 -22 25
Cingulum_Mid R 123 4.54 0.06 9 20 43
Supp_Motor_Area L - 4.48 - 0 23 46
Supramarginal Gyrus_L 164 4.44 0.03 —45 —43 37
Inferior Parietal Lobule_L - 4.43 - -39 —49 40
because_incon> Frontal Sup_ R 820 5.97 <0.01 15 47 43
although_incon
Frontal_Sup_Medial R - 5.61 - 6 62 7
Middle Occipital Gyrus_R 66 4.49 0.21 51 -73 37
Angular R - 4.24 - 48 —64 25
Inferior Temporal Gyrus_L 34 4.31 0.46 —54 -13 -35
Posterior Cingulate R 52 4.07 0.3 9 —58 16
Precuneus_L - 3.94 - -3 —58 19

Note: (1) If there is more than one brain region in the same cluster, the cluster size for other brain region(s) and the corresponding p value are marked by “-’; (2) ‘con’ refers to

congruent, ‘incon’ refers to incongruent.

3.5. Dynamic casual modelling (DCM)

The Bayesian model comparison between the nine families of models
with different driving inputs showed that the model family with driving
input to IFG (the seventh model family) fitted the data better; its family
exceedance probability was more than 90 % (See Figs. 1 and 4). The
model parameters estimated based on the average of the winning model
family are depicted in Fig. 5 (See Table 5 for the estimated model

parameters). As demonstrated in the Figure, the concessive relation
significantly enhanced the connectivity from the left pMTG to the left
TPJ, whereas the same connection was not influenced by causal relation.
The modulation effect was significantly different between causal rela-
tion and concessive relation (t = 2.30, p < 0.05). On the other hand,
however, the causal relation significantly enhanced the connectivity
from the left pMTG to the left IFG, whereas the same connection was not
influenced by concessive relation. In addition, the connectivity from the
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Fig. 2. Whole-brain activations for (a) the contrast although-congruent vs because-congruent, (b) the contrast although-incongruent vs because-incongruent, and (c)
the contrast because-incongruent vs because-congruent (The t value for activation is from 2 to 6).

left IFG to the left MFG was commonly modulated by both relations.
4. Discussion

This study examined the neural correlates and functional connec-
tivities underpinning concessive and causal relations. Compared to
because-congruent sentences, although-congruent sentences yielded
increased activations in the left IFG, (bilateral) MFG, mPFC, pMTG and
TPJ/AG, a brain network which is crucial for understanding implicated
meaning (e.g., conventional implicature) and semantic control; none of
these brain areas were significantly activated in the reversed contrast (i.
e., because-congruent vs although-congruent). Meanwhile, while stronger
activations were found in the right Supramarginal Gyrus/STG and the
right MFG in the comparison of because-incongruent vs because-
congruent sentences, no significant activations were observed in the
comparison of although-incongruent vs although-congruent sentences.
Importantly, the DCM analysis revealed that, while the effective con-
nectivity from the pMTG to IFG was enhanced during the processing of
causal relations, the connectivity from the pMTG to TPJ was enhanced
during the processing of concessive relations. Finally, activations in the
left MTG (extended to the left STG) and the left ventromedial prefrontal
cortex significantly correlated with individuals’ communication abilities
and verbal working memory scores, respectively. These findings suggest
that compared to processing causal meaning, processing concessive
meaning requires the engagement of an extensive left brain network,
especially those areas subserving pragmatic inference (e.g., mPFC/MFC
and TPJ) and semantic control (e.g., IFG, pMTG), presumably because
understanding concessive relations requires the inhibition of an impli-
cated causal association and access to the intended meaning.

4.1. The neurological bases of understanding concessive relations

Linguistically, there are currently at least two potential explanations
for the complexity of concessive relations, as it could result primarily
from the computation of negation or from the inference of the impli-
cated meaning. The engagement of a left brain network including the
IFG, MFG/mPFC, pMTG, and TPJ in processing concessive vs causal
relations suggests that the difference might arise from the processing of
implicated meaning rather than the computation of negation, because
the two sites of this network — mPFC/MFG and TPJ(AG), are core areas
of the ToM network, which are commonly involved in making inference
about other people’s mental states (Amodio & Frith, 2006; Carrington &
Bailey, 2009; Hagoort & Indefrey, 2014; Feng et al., 2021b). The
computation of negation, on the other hand, has been reported to be
dependent on the left premotor cortex (Christensen, 2009) or the
bilateral anterior temporal pole (Kumar et al., 2013), which have not
been observed in the current study. Moreover, it has been argued that
negation processing might be implemented at the neural level by
recruiting inhibitory and cognitive control mechanisms (Aron et al.,
2014; Beltran et al., 2018; de Vega et al., 2016; Vitale et al., 2022), with
the right inferior frontal gyrus playing a critical role in inhibiting acti-
vations in the primary motor cortex (Vitale et al., 2022). Contrary to this
assumption, however, neither the right inferior frontal gyrus nor the
primary motor cortex was found to be involved in processing concessive
relations.

Consistent with the implicated meaning account, previous fMRI
studies on non-literal text processing have found that, relative to un-
derstanding asserted meaning, understanding the implicated meaning of
an utterance activates a brain network including the mPFC, MTG, and
TPJ (Basnakova et al., 2014; Feng et al., 2017; 2021b; Jang et al., 2013;
Li et al.,, 2014). With regard to sentences in the current study,
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Fig. 3. (a) Activation in left MTG was positively

o correlated with AQ scores in the contrast ‘although
° > because’; (b) Activation in the left mOFC was
¢ positively correlated with WM scores in the contrast

‘although > because’; (c) The significant correlation
based on parameter estimates (S values) extracted
from the left MTG and individual differences in AQ
(r=0.607, p < 0.01); (d) The significant correlation
based on parameter estimates (f values) extracted
from mOFC and individual differences in VWM (r =
0.605, p < 0.01).
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Fig. 4. The dynamic causal modeling (DCM) analysis for the left frontal-temporal network. The exceedance probabilities of the single models (left panel) and the
nine model families (right panel). Family groups were divided according to different driving inputs.

comprehenders depend on this network to gain access to the causal as-
sociation (e.g., exerted oneself and consequently pass exam) as implicated
by the concessive marker although. This interpretation is further sup-
ported by the negative correlation between MTG activation and the
individual’s performance in pragmatic communication (Note that
higher AQ scores mean low communication abilities; see Fig. 3c), indi-
cating that individuals who have low pragmatic abilities would depend
more on the ‘social brain’ (ToM) network to reach the implicated causal
association. Nevertheless, to further test whether the cognitive
complexity underlying concessive relations is due to the computation of

implicated meaning, it would be interesting to directly compare the
processing of explicit concession with implicit causality (e.g., causally
related statements with no overt causal makers). A strong overlap in
brain activations would provide direct evidence for the implicated
meaning account.

Activations of the pMTG and IFG in processing concessive vs causal
relations could reflect the cognitive processes deployed to inhibit an
implicated causality (e.g., inhibiting an implicated causal relation: People
in China normally like to stay at a warm place like Hainan in winter, because
of its comfortable weather; Konig & Siemund, 2000; Verhagen, 2000).
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Fig. 5. The estimated DCM parameters of the average model of the winning family (*** p < 0.005; ** p < 0.01; * p < 0.05) with either the absence (left panel) or

presence (right panel) of experimental modulations.

Table 5
Model parameters estimated based on Model Family 7.

Parameter Mean + SD

Intrinsic connectivity

IFG - MFG 0.40 £ 0.41%**
MFG — IFG 0.13 + 0.29*
IFG —» TPJ 0.19 £ 0.27***
TPJ — IFG 0.14 + 0.43
MFG — TPJ —0.03 + 0.20
TPJ - MFG —0.01 + 0.24
IFG — pMTG 0.41 + 0.51***
PMTG — IFG 0.02 + 0.15
TPJ —» pMTG —0.03 + 0.27
pMTG — TPJ —0.12 + 0.38
Modulation of because

IFG — MFG 0.08 + 0.15*
TPJ - MFG 0.05 £+ 0.15
pPMTG — IFG 0.16 + 0.42*
pMTG — TPJ 0.06 £ 0.21
Modulation of although

IFG — MFG 0.15 + 0.28**
TPJ — MFG —0.00 + 0.23
pMTG - IFG 0.16 £+ 0.50
pMTG — TPJ 0.13 + 0.22%**
Driving input to IFG

because 0.04 + 0.04***
although 0.06 + 0.06%**

*p < 0.05; **p < 0.01; ***p < 0.005.

This is consistent with the recruitment of MTG, alongside IFG, for
demanding semantic retrieval (Davey et al., 2015; Noonan et al., 2013;
Lambon Ralph et al., 2017). The left IFG, and especially pMTG, has been
specifically involved in tasks with demanding semantic control (Davey
et al., 2015; Noonan et al., 2003; Whitney, Jefferies, & Kircher, 2010;
Whitney et al.,, 2011), for example, in situations where the non-
dominant rather than the dominant meaning of an ambiguous word
(e.g., “bank” following the word “river”; Whitney, Jefferies, & Kircher,
2010) has to be retrieved. The involvement of the pMTG in processing
concessive relations (vs causal relations) might be yielded by the inhi-
bition of one representation (i.e., an implicated causal association) over
the other (i.e., the negation of a casual association). In this regard, the
involvement of the pMTG in processing concessive but not causal re-
lations further confirms that concessive relations are different from
causal relations in terms of semantic control and pragmatic implication
(Konig & Siemund, 2000; Verhagen, 2000; Xu et al., 2015).

Since the locative pronoun was resolved toward the distant referent

10

in concessive relations but the close one in causal relations (see also Xu
et al., 2015), the difference in referential distance might provide an
alternative explanation for the observed activations in the left hemi-
sphere (e.g., the left IFG, MFG/mPFC, pMTG, and TPJ). If this is the case,
we should find significant correlations between the activation of these
brain regions and the participants’ working memory span. However, we
observed none. More importantly, in a previous behavioral study with
similar stimuli (Xu et al., 2018), we replaced the critical positive verbs
(e.g., like, prefer) with negative ones (e.g., dislike, hate) so that the
locative pronouns were coreferential with the closer (second) anteced-
ents in both concessive (Grandma has moved from Harbin to Hainan,
although she disliked the wet winter there) and causal relations (Grandma
has moved from Harbin to Hainan, because she liked the warm winter there).
We found that it still takes longer to understand concessive relations
than to understand causal relations. We therefore believe that the pro-
nounced activations of the left hemisphere cannot be induced simply by
the differences in referential resolution.

Nevertheless, we did find one region whose activation significantly
correlated with working memory span during the processing of
concessive (vs causal) relations, namely the ventromedial prefrontal
cortex (e.g., the medial orbital frontal gyrus). This finding is consistent
with previous studies showing that the medial orbital frontal gyrus plays
an essential role in working memory performance (Lala, Kennerley, &
Wallis, 2009; Nissim et al., 2017). This correlation suggests that par-
ticipants may depend more on this area to maintain more than one
mental representation (a causal connection: p, g, and a negative causal
connection: p, not-q) and update the discourse model timely (Johnson-
Laird, & Byrne, 2002; Verhagen, 2000).

Finally, the pragmatic incongruence activated several subareas in the
right TPJ (including Supramarginal Gyrus and IPL) as well as the right
MFG in causal relations, though no significant activations were observed
for concessive relations. Given the important role of these areas in
inferential processing and metaphor comprehension (Basnakova et al.,
2014; Feng et al., 2017; Mason & Just, 2004; Perfetti & Frishkoff, 2008;
Yang et al., 2019), it is possible that the engagement of these brain areas
indicates the deployment of a re-interpretation process to rationalize the
pragmatic incoherence in causal relations (Xu et al., 2015). In concessive
relations, however, because processing the concessive relations was
already cognitively demanding, no extra resources were available to
deal with such a pragmatic anomaly.
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4.2. Different functional connectivities for processing concessive relations
vs causal relations

The differential neural substrates for concessive and causal relations
are also reflected in the strength of effective functional connectivities
between the involved areas in the left hemisphere. While the connection
between the pMTG and IFG was involved in processing causal meaning,
the connection between the pMTG and TPJ was involved in processing
concessive meaning, suggesting that different architectures of the sen-
tence comprehension network are responsible for processing concessive
and causal relations. This is in line with the existing findings that pMTG
has richer functional and structural connectivities with frontal and
temporal areas (Vincent et al., 2008; Turken & Dronkers, 2011). For
example, the pMTG is structurally interconnected with Broca’s area via
the long segment of the arcuate fasciculus and pSTS/TPJ via the short
segment of the arcuate fasciculus (Turken & Dronkers, 2011).

The pMTG and TPJ (AG) support different components of semantic
cognition, but they can at times function in a cooperative manner
(Davey et al., 2016; Dietrich et al., 2019). The functional connectivity
between pMTG and TPJ could reflect controlled semantic processing.
Different from pMTG which is specifically involved in semantic control,
the TPJ (AG) is argued to be a domain-general control area (Jackson,
2021; Noonan et al., 2013). One possible explanation is that the func-
tional coupling between the pMTG and the TPJ (AG) subserves a
domain-general control to inhibit an implicit causality (e.g., people prefer
to stay in warm places in winter) in concessive relations; this connection
could be an important part of the multi-demand network (MDN; Dun-
can, 2010) centered primarily on the more dorsal frontal and parietal
cortices (Jackson, 2021). The pMTG is in dynamic communication with
other areas in the MDN to process complex event semantics (e.g.,
referential ambiguity, Davey et al., 2016). Nevertheless, we cannot rule
out the possibility that the involvement of the pMTG-TPJ/AG connec-
tion in concessive relations may not subserve any kind of control —
whether it is domain-general or semantic-specific, but just for processing
the implicated meaning — the “hidden causality” (Konig & Siemund,
2000). Such an interpretation would be in line with the activated left
brain areas observed in the whole-brain analysis. Further studies with a
dedicated design are therefore needed to distinguish these two
interpretations.

The connection between the IFG and the pMTG has been previously
interpreted to be associated with the controlled retrieval of lexical
meanings (Davey et al., 2016; Mollo et al., 2018; Whitney et al., 2011).
The stronger connection for the causal relations in the current study
further suggest that this connection might play an important role in
integrating concepts into a coherence representation, whether it is at the
lexical or discourse-level. Specifically, the recruitment of the IFG-pMTG
connection in a causal discourse might reflect the controlled retrieval of
lexical/conceptual relations and their integration into a higher-order
discourse representation (Feng et al., 2021b).

Despite the distinctive functional connectivities between the pMTG
and frontal-parietal networks (i.e., IFG and TPJ) in processing conces-
sive versus causal relations, the functional connectivity from the IFG to
MFG was commonly involved in processing concessive and causal re-
lations, suggesting that the neural interaction between IFG and MFG is
crucial for establishing a coherent discourse representation (Ferstl & von
Cramon, 2001; 2002; Tune et al., 2016), regardless of whether it is an
explicit (asserted causality) or an implicit coherence relation (i.e.,
implicated causality). This is in line with previous findings that IFG and
MEFG are structurally connected and are important for evaluating
coherence (e.g., Medvedev, 2014), and that the effective connectivity
from the IFG to MFG/mPFG is important in achieving an inferential
coherence (van Ackeren et al., 2016).

5. Conclusions

By using an fMRI technique, the present study investigated the
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neural correlates and functional connectivities underlying the process-
ing of concessive and causal relations. Results showed that the neural
underpinnings of processing concessive relations are different from
processing causal relations. A left brain network including the IFG,
mPFC/MFG, pMTG, and TPJ, was more strongly involved in processing
concessive relations than causal relations. The DCM analysis further
demonstrated that the connection between the pMTG and TPJ was
crucial for processing concessive relations whereas the connection be-
tween the pMTG and IFG was important for processing causal relations.
The engagement of the left frontal-temporal network as well as the
involvement of the pMTG-TPJ connection in processing concessive re-
lations confirms the previous argument that understanding concessive
relations is cognitively demanding, presumably because of the addi-
tional control processes to reach the implicated meaning. These results
suggest that understanding concessive and causal relations depends on
partially overlapped neural networks.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data availability
Data will be made available on request.
Acknowledgements

This study is supported by The Key Projects of Philosophy and Social
Science Research for Colleges and Universities in Jiangsu Province
(2022SJZD123) to Dr. Xiaodong Xu. Moreover, Dr. Xiaolin Zhou and Dr.
Xiaoxue Gao are supported by The Research Project of Shanghai Science
and Technology Commission (20dz2260300) and The Fundamental
Research Funds for the Central Universities. We thank Xiaoming Jiang,
Yuan Zhong, Lihui Wang, Yansong Li, Tianyue Wang, Chengjie Jiang,
and Wenshuo Chang for their help and discussion about data analysis.

References

Amodio, D. M., & Frith, C. D. (2006). Meeting of minds: The medial frontal cortex and
social cognition. Nature Reviews Neuroscience, 7, 268-277. https://doi.org/10.1038/
nrn1884

Aron, A. R., Robbins, T. W., & Poldrack, R. A. (2014). Inhibition and the right inferior
frontal cortex: One decade on. Trends in Cognitive Sciences, 18(4), 177e185. https://
doi.org/10.1016/j.tics.2013.12.003

Baron-Cohen, S., Wheelwright, S., Skinner, R., Martin, J., & Clubley, E. (2001). The
autism spectrum quotient (AQ): Evidence from Asperger syndrome/high functioning
autism, males and females, scientists and mathematicians. Journal of Autism and
Developmental Disorders, 31, 51-57. https://doi.org/10.1023/a:1005653411471

Basndkova, J., Weber, K., Petersson, K. M., van Berkum, J., & Hagoort, P. (2014). Beyond
the Language given: The neural correlates of inferring speaker meaning. Cerebral
Cortex, 24(10), 2572-2578. https://doi.org/10.1093/cercor/bht112

Beltrdn, D., Mufieton-Ayala, M., & de Vega, M. (2018). Sentential negation modulates
inhibition in a stop-signal task. Evidence from behavioral and ERP data.
Neuropsychologia, 112, 10-18. https://doi.org/10.1016/].
neuropsychologia.2018.03.004

Blumenthal-Dramé, A. (2021). The online processing of causal and concessive relations:
Comparing Native speakers of english and German. Discourse Processes, 58(7),
642-661. https://doi.org/10.1080,/0163853X.2020.1855693

Buckner, R. L., Sepulcre, J., Talukdar, T., Krienen, F. M., Liu, H., Hedden, T., et al.
(2009). Cortical hubs revealed by intrinsic functional connectivity: Mapping,
assessment of stability, and relation to Alzheimer’s disease. Journal of Neuroscience,
29, 1860-1873. https://doi.org/10.1523/JNEUROSCL.5062-08.2009

Caron, J., Micko, H. C., & Thiiring, M. (1988). Conjunctions and the recall of composite
sentences. Journal of Memory and Language, 27, 309-323. https://doi.org/10.1016/
0749-596X(88)90057-5

Carrington, S. J., & Bailey, A. J. (2009). Are there theory of mind areas in the brain? A
review of the neuroimaging literature. Human Brain Mapping, 30, 2313-2335.
https://doi.org/10.1002/hbm.20671

Chen, L., Lu, Y., & Xu, X. (2022). Understanding temporal relations in mandarin Chinese:
An ERP investigation. Brain Sciences, 12(474), 1-17. https://doi.org/10.3390/
brainsci12040474


https://doi.org/10.1038/nrn1884
https://doi.org/10.1038/nrn1884
https://doi.org/10.1016/j.tics.2013.12.003
https://doi.org/10.1016/j.tics.2013.12.003
https://doi.org/10.1023/a:1005653411471
https://doi.org/10.1093/cercor/bht112
https://doi.org/10.1016/j.neuropsychologia.2018.03.004
https://doi.org/10.1016/j.neuropsychologia.2018.03.004
https://doi.org/10.1080/0163853X.2020.1855693
https://doi.org/10.1523/JNEUROSCI.5062-08.2009
https://doi.org/10.1016/0749-596X(88)90057-5
https://doi.org/10.1016/0749-596X(88)90057-5
https://doi.org/10.1002/hbm.20671
https://doi.org/10.3390/brainsci12040474
https://doi.org/10.3390/brainsci12040474

X. Xu et al.

Christensen, K. R. (2009). Negative and affirmative sentences increase activation in
different areas in the brain. Journal of Neurolinguistics, 22, 1-17. https://doi.org/
10.1016/j.jneuroling.2008.05.001

Cocchi, L., Halford, G. S., Zalesky, A., Harding, I. H., Ramm, B. J., Cutmore, T., et al.
(2014). Complexity in relational processing predicts changes in functional brain
network dynamics. Cerebral Cortex, 24, 2283-2296. https://doi.org/10.1093/
cercor/bht075

Cozijn, R., Noordman, L. G. M., & Vonk, W. (2011). Propositional integration and world-
knowledge inference: Processes in understanding because sentence. Discourse
Processes, 48, 475-500. https://doi.org/10.1080/0163853X.2011.594421

Daneman, M., & Carpenter, P. A. (1980). Individual differences in working memory and
reading. Journal of Verbal Learning and Verbal Behavior, 19, 450-466. https://doi.
org/10.1016/50022-5371(80)90312-6

Davey, J., Cornelissen, P. L., Thompson, H. E., Sonkusare, S., Hallam, G., Smallwood, J.,
et al. (2015). Automatic and controlled semantic retrieval: TMS reveals distinct
contributions of posterior Middle Temporal Gyrus and Angular Gyrus. The Journal of
Neuroscience, 35(46), 15230-15239. https://doi.org/10.1523/JNEUROSCIL.4705-
14.2015

Davey, J., Thompson, H. E., Hallam, G., Karapanagiotidis, T., Murphy, C., De Caso, 1.,
et al. (2016). Exploring the role of the posterior middle temporal gyrus in semantic
cognition: Integration of anterior temporal lobe with executive processes.
Neurolmage, 137, 165-177. https://doi.org/10.1016/j.neuroimage.2016.05.051

De Ouden, D., Saur, D., Mader, W., et al. (2012). Network modulation during complex
syntactic processing. Neurolmage, 59, 815-823.

De Vega, M., Morera, Y., Léon, 1., Beltran, D., Casado, P., & Martin-Loeches, M. (2016).
Sentential negation might share neurophysiological mechanisms with action
inhibition. Evidence from frontal theta rhythm. Journal of Neuroscience, 36(22),
6002e6010. https://doi.org/10.1523/JNEUROSCIL.3736-15.2016

Dietrich, S., Hertrich, 1., Seibold, V. C., & Rolke, B. (2019). Discourse management during
speech perception: A functional magnetic resonance imaging (fMRI) study.
Neurolmage, 202, Article 116047. https://doi.org/10.1016/j.
neuroimage.2019.116047

Dronkers, N. F., Wilkins, D. P., Van Valin, R. D., Redfern, B. B., & Jaeger, J. J. (2004).
Lesion analysis of the brain areas involved in language comprehension. Cognition, 92,
145-177. https://doi.org/10.1016/j.cognition.2003.11.002

Duncan, J. (2010). The multiple-demand (MD) system of the primate brain: Mental
programs for intelligent behaviour. Trends in Cognitive Sciences, 14(4), 172-179.
https://doi.org/10.1016/j.tics.2010.01.004

Feng, W., Wu, Y., Jan, C., Yu, H., Jiang, X., & Zhou, X. (2017). Effects of contextual
relevance on pragmatic inference during conversation: An fMRI study. Brain and
Language, 171, 52-61. https://doi.org/10.1016/j.bandl.2017.04.005

Feng, W., Wang, W., Liu, J., Wang, Z., Tian, L., & Fan, L. (2021). Neural correlates of
causal inferences in discourse understanding and logical problem-solving: A meta-
analysis study. Frontiers in Human Neuroscience, 15, Article 666179. https://doi.org/
10.3389/fnhum.2021.666179

Feng, W., Yu, H., & Zhou, X. (2021). Understanding particularized and generalized
conversational implicatures: Is theory-of-mind necessary? Brain and Language, 212,
Article 104878. https://doi.org/10.1016/j.bandl.2020.104878

Ferstl, E. C., & von Cramon, D. Y. (2001). The role of coherence and cohesion in text
comprehension: An event-related fMRI study. Cognitive Brain Research, 11, 325-340.
https://doi.org/10.1016/50926-6410(01)00007-6

Ferstl, E. C., & von Cramon, D. Y. (2002). What does the frontomedian cortex contribute
to language processing: Coherence or theory of mind? Neurolmage, 17, 1599-1612.
https://doi.org/10.1006/nimg.2002.1247

Fiebach, C. J., Vos, S. H., & Friederici, A. D. (2004). Neural correlates of syntactic
ambiguity in sentence comprehension for low and high span readers. Journal of
Cognitive Neuroscience, 16(9), 1562-1575. https://doi.org/10.1162/
0898929042568479

Frank, C. K., Baron-Cohen, S., & Ganzel, B. L. (2015). Sex differences in the neural basis
of false-belief and pragmatic language comprehension. Neurolmage, 15, 300-311.
https://doi.org/10.1016/j.neuroimage.2014.09.041

Friese, U., Rutschmann, R., Raabe, M., & Schmalhofer, F. (2008). Neural indicators of
inference processes in text comprehension: An event-related functional magnetic
resonance imaging study. Journal of Cognitive Neuroscience, 20, 2110-2124. https://
doi.org/10.1162/jocn.2008.20141

Friston, K. J., Harrison, L., & Penny, W. (2003). Dynamic causal modelling. Neurolmage,
19, 1273-1302. https://doi.org/10.1016/5s1053-8119(03)00202-7

Grewe, T., Bornkessel, 1., Zysset, S., Wiese, R., von Cramon, D. Y., & Schlesewsky, M.
(2005). The emergence of the unmarked: A new perspective on the language-specific
function of Broca’s area. Human Brain Mapping, 26(3), 178-190. https://doi.org/
10.1002/hbm.20154

Hagoort, P. (2014). Nodes and networks in the neural architecture for language: Broca’s
area and beyond. Current Opinion in Neurobiology, 28, 136-141. https://doi.org/
10.1016/j.conb.2014.07.013

Hagoort, P. (2017). The core and beyond in the language-ready brain. Neuroscience and
Biobehavioral Reviews., 81, 194-204. https://doi.org/10.1016/j.
neubiorev.2017.01.048

Hagoort, P., Hald, L., Bastiaansen, M., & Petersson, K. M. (2004). Integration of word
meaning and world knowledge in language comprehension. Science, 304, 438-441.
https://doi.org/10.1126/science.1095455

Hagoort, P., & Indefrey, P. (2014). The neurobiology of language beyond single words.
Annual Review of Neuroscience, 37, 347-362. https://doi.org/10.1146/annurev-
neuro-071013-013847

Huettel, S., Song, A., & McCarthy, G. (2014). Functional magnetic resonance imaging (3rd
edn.). Sunderland: Sinauer Associates Inc.

12

Brain and Language 234 (2022) 105177

Jackson, R. L. (2021). The neural correlates of semantic control revisited. Neurolmage,
224, Article 117444. https://doi.org/10.1016/j.neuroimage.2020.117444

Jang, G., Yoon, S., Lee, S., Park, H., Kim, J., Ko, J. H., et al. (2013). Everyday
conversation requires cognitive inference: Neural bases of comprehending
implicated meanings in conversations. Neurolmage, 81, 61-72. https://doi.org/
10.1016/j.neuroimage.2013.05.027

Johnson-Laird, P. N., & Byrne, R. M. J. (2002). Conditionals: A theory of meaning,
pragmatics, and inference. Psychological Review, 109(4), 646-678. https://doi.org/
10.1037/0033-295X.109.4.646

Kim, S., Yoon, M., Kim, W, Lee, S., & Kang, E. (2012). Neural correlates of bridging
inferences and coherence processing. Journal of Psycholinguistics Research., 41,
311-321. https://doi.org/10.1007/510936-011-9185-z

Kohne, J., & Demberg, V. (2012, March). Incremental and predictive discourse processing
based on causal and concessive discourse markers: A visual world study. Paper presented
at the 25th Annual CUNY Conference on Human Sentence Processing, New York, NY,
March 14-16.

Konig, E. (1985). On the history of concessive connectives in English: Diachronic and
synchronic evidence. Lingua, 66, 1-19. https://doi.org/10.1016/50024-3841(85)
90240-2

Konig, E., & Siemund, P. (2000). Causal and concessive clauses: Formal and semantic
relations. In E. Couper-Kuhlen, & B. Kortmann (Eds.), Cause - condition - concession -
contrast (pp. 341-360). Berlin: Mouton de Gruyter.

Kulakova, E., & Nieuwland, M. S. (2016). Pragmatic skills predict online counterfactual
comprehension: Evidence from the N400. Cognitive, Affective, & Behavioral
Neuroscience, 16, 814-824. https://doi.org/10.3758/513415-016-0433-4

Kumle, L., Vo, M. L. H., & Draschkow, D. (2021). Estimating power in (generalized)
linear mixed models: An open introduction and tutorial in R. Behavior Research
Methods, 1, 1-16. https://doi.org/10.3758/513428-021-01546-0

Kuperberg, G. R., Lakshmanan, B. M., Caplan, D. N., & Holcomb, P. J. (2006). Making
sense of discourse: An fMRI study of causal inferencing across sentences. Neurolmage,
33, 343-361. https://doi.org/10.1016/j.neuroimage.2006.06.001

Kuperberg, G. R., McGuire, P. K., Bullmore, E. T., Brammer, M. J., et al. (2000). Common
and distinct neural substrates for pragmatic, semantic, and syntactic processing of
spoken sentences: An fMRI study. Journal of Cognitive Neuroscience, 12(2), 321-341.
https://doi.org/10.1162/089892900562138

Kumar, U., Padakannaya, P., Mishra, R. K., & Khetrapal, C. L. (2013). Distinctive neural
signatures for negative sentences in Hindi: An fMRI study. Brain Imaging and
Behavior, 7, 91-101. https://doi.org/10.1007/s11682-012-9198-8

Lala, A. H., Kennerley, S. W., & Wallis, J. D. (2009). Encoding of gustatory working
memory by orbitofrontal neurons. Journal of Neuroscience, 29(3), 765-774. https://
doi.org/10.1523/JNEUROSCI.4637-08.2009

Lambon Ralph, M., Jefferies, E., Patterson, K., & Rogers, T. T. (2017). The neural and
computational bases of semantic cognition. Nature Reviews Neuroscience, 18, 42-55.
https://doi.org/10.1038/nrn.2016.150

Li, S., Jiang. X., Yu., H., & Zhou, X. (2014). Cognitive empathy modulates the processing
of pragmatic constraints during sentence comprehension. Social Cognitive and
Affective Neuroscience, 9, 1166-1174. https://doi.org/.

Li, X., Jiang, X., Chang, W., Tan, Y., & Zhou, X. (2022). Neural segregation in left inferior
frontal gyrus of semantic processes at different levels of syntactic hierarchy.
Neuropsychologia, 171, Article 108254. https://doi.org/10.1016/j.
neuropsychologia.2022.108254

Luerding, R., Weigand, T., Bogdahn, U., & Schmidt-Wilcke, T. (2008). Working memory
performance is correlated with local brain morphology in the medial frontal and
anterior cingulate cortex in fibromyalgia patients: Structural correlates of
pain-cognition interaction. Brain, 131(12), 3222-3231. https://doi.org/10.1093/
brain/awn229

Lyu, S., Tu, J., & Lin, C. C. (2020). Processing plausibility in concessive and causal
relations: Evidence from self-paced reading and eye-tracking. Discourse Processes, 57
(4), 320-342. https://doi.org/10.1080/0163853X.2019.1680089

Mason, R. A., & Just, M. A. (2004). How the brain processes causal inferences in text.
Psychological Science, 15(1), 1-7. https://doi.org/10.1111/j.0963-
7214.2004.01501001.x

Mason, R., & Just, M. A. (2011). Differential cortical networks for inferences concerning
people’s intentions versus physical causality. Human Brain Mapping, 32, 313-329.
https://doi.org/10.1002/hbm.21021

Mar, R. (2011). The neural bases of social cognition and story comprehension. Annual
Review of Psychology, 62, 103-134. https://doi.org/10.1146/annurev-psych-120709-
145406

Medvedev, A. V. (2014). Does the resting state connectivity have hemispheric
asymmetry? A near-infrared spectroscopy study. Neurolmage, 85(15), 400-407.
https://doi.org/10.1016/j.neuroimage.2013.05.092

Mollo, G., Jefferies, E., Cornelissen, P., & Gennari, S. P. (2018). Context-dependent
lexical ambiguity resolution: MEG evidence for the timecourse of activity in left
inferior frontal gyrus and posterior middle temporal gyrus. Brain and Language,
177-178, 23-36. https://doi.org/10.1016/j.bandl.2018.01.001

Miinte, T. F., Schiltz, K., & Kutas, M. (1998). When temporal terms belie conceptual
order. Nature, 395, 71-73. https://doi.org/10.1038/25731

Newman, S. D., Malaia, E., Seo, R., & Cheng, H. (2013). The effect of individual
differences in working memory capacity on sentence comprehension: An fMRI study.
Brain Topography, 26(3), 458-467. https://doi.org/10.1007/510548-012-0264-8

Nieuwland, M. S. (2012). Establishing propositional truth-value in counterfactual and
real-world contexts during sentence comprehension: Differential sensitivity of the
left and right inferior frontal gyri. Neuroimage, 59, 3433-3440. https://doi.org/
10.1016/j.neuroimage.2011.11.018

Nieuwland, M. S., Ditman, T., & Kuperberg, G. R. (2010). On the incrementality of
pragmatic processing: An ERP investigation of informativeness and pragmatic


https://doi.org/10.1016/j.jneuroling.2008.05.001
https://doi.org/10.1016/j.jneuroling.2008.05.001
https://doi.org/10.1093/cercor/bht075
https://doi.org/10.1093/cercor/bht075
https://doi.org/10.1080/0163853X.2011.594421
https://doi.org/10.1016/S0022-5371(80)90312-6
https://doi.org/10.1016/S0022-5371(80)90312-6
https://doi.org/10.1523/JNEUROSCI.4705-14.2015
https://doi.org/10.1523/JNEUROSCI.4705-14.2015
https://doi.org/10.1016/j.neuroimage.2016.05.051
http://refhub.elsevier.com/S0093-934X(22)00107-9/h0085
http://refhub.elsevier.com/S0093-934X(22)00107-9/h0085
https://doi.org/10.1523/JNEUROSCI.3736-15.2016
https://doi.org/10.1016/j.neuroimage.2019.116047
https://doi.org/10.1016/j.neuroimage.2019.116047
https://doi.org/10.1016/j.cognition.2003.11.002
https://doi.org/10.1016/j.tics.2010.01.004
https://doi.org/10.1016/j.bandl.2017.04.005
https://doi.org/10.3389/fnhum.2021.666179
https://doi.org/10.3389/fnhum.2021.666179
https://doi.org/10.1016/j.bandl.2020.104878
https://doi.org/10.1016/s0926-6410(01)00007-6
https://doi.org/10.1006/nimg.2002.1247
https://doi.org/10.1162/0898929042568479
https://doi.org/10.1162/0898929042568479
https://doi.org/10.1016/j.neuroimage.2014.09.041
https://doi.org/10.1162/jocn.2008.20141
https://doi.org/10.1162/jocn.2008.20141
https://doi.org/10.1016/s1053-8119(03)00202-7
https://doi.org/10.1002/hbm.20154
https://doi.org/10.1002/hbm.20154
https://doi.org/10.1016/j.conb.2014.07.013
https://doi.org/10.1016/j.conb.2014.07.013
https://doi.org/10.1016/j.neubiorev.2017.01.048
https://doi.org/10.1016/j.neubiorev.2017.01.048
https://doi.org/10.1126/science.1095455
https://doi.org/10.1146/annurev-neuro-071013-013847
https://doi.org/10.1146/annurev-neuro-071013-013847
http://refhub.elsevier.com/S0093-934X(22)00107-9/h0180
http://refhub.elsevier.com/S0093-934X(22)00107-9/h0180
https://doi.org/10.1016/j.neuroimage.2020.117444
https://doi.org/10.1016/j.neuroimage.2013.05.027
https://doi.org/10.1016/j.neuroimage.2013.05.027
https://doi.org/10.1037/0033-295X.109.4.646
https://doi.org/10.1037/0033-295X.109.4.646
https://doi.org/10.1007/s10936-011-9185-z
https://doi.org/10.1016/S0024-3841(85)90240-2
https://doi.org/10.1016/S0024-3841(85)90240-2
http://refhub.elsevier.com/S0093-934X(22)00107-9/h0215
http://refhub.elsevier.com/S0093-934X(22)00107-9/h0215
http://refhub.elsevier.com/S0093-934X(22)00107-9/h0215
https://doi.org/10.3758/s13415-016-0433-4
https://doi.org/10.3758/s13428-021-01546-0
https://doi.org/10.1016/j.neuroimage.2006.06.001
https://doi.org/10.1162/089892900562138
https://doi.org/10.1007/s11682-012-9198-8
https://doi.org/10.1523/JNEUROSCI.4637-08.2009
https://doi.org/10.1523/JNEUROSCI.4637-08.2009
https://doi.org/10.1038/nrn.2016.150
https://doi.org/10.1016/j.neuropsychologia.2022.108254
https://doi.org/10.1016/j.neuropsychologia.2022.108254
https://doi.org/10.1093/brain/awn229
https://doi.org/10.1093/brain/awn229
https://doi.org/10.1080/0163853X.2019.1680089
https://doi.org/10.1111/j.0963-7214.2004.01501001.x
https://doi.org/10.1111/j.0963-7214.2004.01501001.x
https://doi.org/10.1002/hbm.21021
https://doi.org/10.1146/annurev-psych-120709-145406
https://doi.org/10.1146/annurev-psych-120709-145406
https://doi.org/10.1016/j.neuroimage.2013.05.092
https://doi.org/10.1016/j.bandl.2018.01.001
https://doi.org/10.1038/25731
https://doi.org/10.1007/s10548-012-0264-8
https://doi.org/10.1016/j.neuroimage.2011.11.018
https://doi.org/10.1016/j.neuroimage.2011.11.018

X. Xu et al.

abilities. Journal of Memory and Language, 63, 324-346. https://doi.org/10.1016/j.
jml.2010.06.005

Nissim, N. R., O’Shea, A. M., Bryant, V., Porges, E. C., Cohen, R., & Woods, A. J. (2017).
Frontal structural neural correlates of working memory performance in older adults.
Frontiers in Aging Neuroscience, 8(328), 1-9. https://doi.org/10.3389/
fnagi.2016.00328

Noonan, K. A., Jefferies, E., Visser, M., & Lambon Ralph, M. A. (2013). Going beyond
inferior prefrontal involvement in semantic control: Evidence for the additional
contribution of dorsal angular gyrus and posterior middle temporal cortex. Journal of
Cognitive Neuroscience, 25(11), 1824-1850. https://doi.org/10.1162/jocn_a_00442

Noordman, L. G. M., & de Blijzer, F. (2000). On the processing of causal relations. In
E. Couper-Kuhlen, & B. Kortmann (Eds.), Cause — condition — concession — contrast (pp.
35-56). Berlin: Mouton de Gruyter.

Nummenmaa, L., Engell, A. D., von dem Hagen, E., Henson, R. N. A., & Calder, A. J.
(2012). Autism spectrum traits predict the neural response to eye gaze in typical
individuals. Neuroimage, 59(4), 3356-3363. https://doi.org/10.1016/j.
neuroimage.2011.10.075

Penny, W. D., Stephan, K. E., Daunizeau, J., Rosa, M. J., Friston, K. J., Schofield, T. M.,
et al. (2010). Comparing families of dynamic causal models. PLOS Computational
Biology, 6(e1000709), 1-14. https://doi.org/10.1371/journal.pcbi.1000709

Perfetti, C. A., & Frishkoff, G. A. (2008). The neural bases of text and discourse
processing. In B. Stemmer and H. A. Whitaker (Eds), Handbook of the Neuroscience of
Language, pp. 165-174.

Politzer-Ahles, S., Xiang, M., & Almeida, D. (2017). “Before” and “after”: Investigating
the relationship between temporal connectives and chronological ordering using
event-related potentials. PLoS ONE, 12, Article €0175199. https://doi.org/10.1371/
journal.pone.0175199

Prado, J., Spotorno, N., Koun, E., Hewitt, E., Van der Henst, J. B., Sperber, D., et al.
(2015). Neural interaction between logical reasoning and pragmatic processing in
narrative discourse. Journal of Cognitive Neuroscience, 27(4), 692-704. https://doi.
org/10.1162/jocn_a_00744

Prat, C. S., & Just, M, A. (2011). Exploring the neural dynamics underpinning individual
differences in sentence comprehension. Cerebral Cortex, 21(8), 1747-60. https://doi.
org/10.1093/cercor/bhq241.

Prat, C. S., Keller, T. A., & Just, M. A. (2007). Individual differences in sentence
comprehension: A functional magnetic resonance imaging investigation of syntactic
and lexical processing demands. Journal of Cognitive Neuroscience, 19(12),
1950-1963. https://doi.org/10.1162/jocn.2007.19.12.1950

R Core Team. (2020). R: A Language and Environment for Statistical Computing. Vienna: R
Foundation for Statistical Computing. Retrieved from: Http://www.r-project.org.

Riischemeyer, S. A., Fiebach, C., Kempe, V., & Friederici, A. D. (2005). Processing lexical
semantic and syntacticinformation in first and second language: fMRIEvidence from
German and Russian. Human Brain Mapping, 25, 266-286. https://doi.org/10.1002/
hbm.20098

Shibata, M., Toyomura, A., Itoh, H., & Abe, J. (2010). Neural substrates of irony
comprehension: A functional MRI study. Brain Research, 1308, 114-123. https://doi.
org/10.1016/j.brainres.2009.10.030

Stuart-Fox, M. (2015). The origins of causal cognition in early hominins. Biology &
Philosophy, 30, 247-266. https://doi.org/10.1007/510539-014-9462-y

Stephan, K. E., Penny, W. D., Moran, R. J., den Ouden, H. E. M., Daunizeau, J., &
Friston, K. J. (2010). Ten simple rules for dynamic causal modeling. Neurolmage, 49
(4), 3099-3109. https://doi.org/10.1016/j.neuroimage.2009.11.015

Tune, S., Schlesewsky, M., Nagels, A., Small, S. L., & Bornkessel-Schlesewsky, 1. (2016).
Sentence understanding depends on contextual use of semantic and real world
knowledge. Neurolmage, 136, 10-25. https://doi.org/10.1016/j.
neuroimage.2016.05.020

Turken, A. U., & Dronkers, N. F. (2011). The neural architecture of the language
comprehension network: Converging evidence from lesion and connectivity
analyses. Frontiers in Systems Neuroscience, 5, 1-20. https://doi.org/10.3389/
fnsys.2011.00001

13

Brain and Language 234 (2022) 105177

Tyler, L. K., Marslen-Wilson, W. D., Randall, B., Wright, P., Devereux, B. J., Zhuang, J.,
etal. (2011). Left inferior frontal cortex and syntax: Function, structure and behavior
in patients with left hemisphere damage. Brain, 134, 415-431. https://doi.org/
10.1093/brain/awq369

Van Ackeren, M. J., Smaragdi, A., & Rueschemeyer, S. (2016). Neuronal interactions
between mentalising and action systems during indirect request processing. Social
Cognitive and Affective Neuroscience, 11(9), 1402-1410. https://doi.org/10.1093/
scan/nsw062

van Silfhout, G., Evers-Vermeul, J., & Sanders, T. (2015). Connectives as processing
signals: How studies benefit in processing narrative and expository texts. Discourse
Processes, 52, 47-76. https://doi.org/10.1080/0163853X.2014.905237

Verhagen, A. (2000). Concession implies causalities, though in some other space. In
E. Couper-Kuhlen, & B. Kortmann (Eds.), Cause — condition — concession — contrast (pp.
361-380). Berlin: Mouton de Gruyter.

Verhagen, A. (2005). Constructions of intersubjectivity: Discourse, syntax and cognition. New
York, NY: Oxford University Press.

Vincent, J. L., Kahn, L., Snyder, A. Z., Raichle, M. E., & Buckner, R. L. (2008). Evidence
for a frontoparietal control system revealed by intrinsic functional connectivity.
Journal of Neurophysiology, 100, 3328-3342. https://doi.org/10.1152/
jn.90355.2008

Vitale, F., Monti, 1., Padrén, 1., Avenanti, A., & de Vega, M. (2022). The neural inhibition
network is causally involved in the disembodiment effect of linguistic negation.
Cortex, 147, 72-82. https://doi.org/10.1016/j.cortex.2021.11.015

Whitney, C., Jefferies, E., & Kircher, T. (2010). Heterogeneity of the left temporal lobe in
semantic representation and control: Priming multiple vs. single meanings of
ambiguous words. Cerebral Cortex, 21, 831-844. https://doi.org/10.1093/cercor/
bhq148

Whitney, C., Kirk, M., O’sullivan, J., Lambon Ralph, M. A., & Jefferies, E. (2011). The
neural organization of semantic control: TMS evidence for a distributed network in
left inferior frontal and posterior middle temporal gyrus. Cerebral Cortex, 21(5),
1066-1075. https://doi.org/10.1093/cercor/bhq180

Xiang, M., Hanink, E., & Vegh, G. (2014). Before and after - processing presuppositions in
discourse. Sixth Annual Meeting of the Society for the Neurobiology of Language.

Xiang, M., & Kuperberg, G. R. (2015). Reversing expectations during discourse
comprehension. Language, Cognition and Neuroscience, 30(6), 648-672. https://doi.
org/10.1080/23273798.2014.995679

Xu, X., Jiang, X., & Zhou, X. (2015). When a causal assumption is not satisfied by reality:
Differential brain responses to concessive and causal relations during sentence
comprehension. Language, Cognition and Neuroscience, 30(6), 704-715. https://doi.
org/10.1080/23273798.2015.1005636

Xu, X., Chen, Q., Panther, K., & Wu, Y. (2018). Influence of concessive and causal
conjunctions on pragmatic processing: online measures from eye movements and
self-paced reading. Discourse Processes, 55, 387-409. https://doi.org/10.1080/
0163853X.2016.1272088

Yang, X., Li, H., Lin, N., Zhang, X., Wang, Y., Zhang, Y., et al. (2019). Uncovering cortical
activations of discourse comprehension and their overlaps with common large-scale
neural networks. Neurolmage, 203, Article 116200. https://doi.org/10.1016/j.
neuroimage.2019.116200

Ye, Z., Kutas, M., George, M. S., Sereno, M. L, Ling, F., & Miinte, T. F. (2012).
Rearranging the world: Neural network supporting the processing of temporal
conncetives. Neurolmage, 59, 3662-3667. https://doi.org/10.1016/j.
neuroimage.2011.11.039

Ye, Z., & Zhou, X. (2009a). Conflict control during sentence comprehension: fMRI
evidence. Neurolmage, 48(1), 280-290. https://doi.org/10.1016/]j.
neuroimage.2009.06.032

Ye, Z., & Zhou, X. (2009b). Executive control in language processing. Neuroscience &
Biobehavioral Reviews, 33(8), 1168-1177. https://doi.org/10.1016/j.
neubiorev.2009.03.003

Zhan, J., Jiang, X., Politzer-Ahles, S., & Zhou, X. (2017). Neural correlates of fine-grained
meaning distinctions: An fMRI investigation of scalar quantifiers. Human Brain
Mapping, 38, 3848-3864. https://doi.org/10.1002/hbm.23633


https://doi.org/10.1016/j.jml.2010.06.005
https://doi.org/10.1016/j.jml.2010.06.005
https://doi.org/10.3389/fnagi.2016.00328
https://doi.org/10.3389/fnagi.2016.00328
https://doi.org/10.1162/jocn_a_00442
http://refhub.elsevier.com/S0093-934X(22)00107-9/h0330
http://refhub.elsevier.com/S0093-934X(22)00107-9/h0330
http://refhub.elsevier.com/S0093-934X(22)00107-9/h0330
https://doi.org/10.1016/j.neuroimage.2011.10.075
https://doi.org/10.1016/j.neuroimage.2011.10.075
https://doi.org/10.1371/journal.pcbi.1000709
https://doi.org/10.1371/journal.pone.0175199
https://doi.org/10.1371/journal.pone.0175199
https://doi.org/10.1162/jocn_a_00744
https://doi.org/10.1162/jocn_a_00744
https://doi.org/10.1162/jocn.2007.19.12.1950
http://refhub.elsevier.com/S0093-934X(22)00107-9/h0370
http://refhub.elsevier.com/S0093-934X(22)00107-9/h0370
https://doi.org/10.1002/hbm.20098
https://doi.org/10.1002/hbm.20098
https://doi.org/10.1016/j.brainres.2009.10.030
https://doi.org/10.1016/j.brainres.2009.10.030
https://doi.org/10.1007/s10539-014-9462-y
https://doi.org/10.1016/j.neuroimage.2009.11.015
https://doi.org/10.1016/j.neuroimage.2016.05.020
https://doi.org/10.1016/j.neuroimage.2016.05.020
https://doi.org/10.3389/fnsys.2011.00001
https://doi.org/10.3389/fnsys.2011.00001
https://doi.org/10.1093/brain/awq369
https://doi.org/10.1093/brain/awq369
https://doi.org/10.1093/scan/nsw062
https://doi.org/10.1093/scan/nsw062
https://doi.org/10.1080/0163853X.2014.905237
http://refhub.elsevier.com/S0093-934X(22)00107-9/h0420
http://refhub.elsevier.com/S0093-934X(22)00107-9/h0420
http://refhub.elsevier.com/S0093-934X(22)00107-9/h0420
http://refhub.elsevier.com/S0093-934X(22)00107-9/h0425
http://refhub.elsevier.com/S0093-934X(22)00107-9/h0425
https://doi.org/10.1152/jn.90355.2008
https://doi.org/10.1152/jn.90355.2008
https://doi.org/10.1016/j.cortex.2021.11.015
https://doi.org/10.1093/cercor/bhq148
https://doi.org/10.1093/cercor/bhq148
https://doi.org/10.1093/cercor/bhq180
http://refhub.elsevier.com/S0093-934X(22)00107-9/h0450
http://refhub.elsevier.com/S0093-934X(22)00107-9/h0450
https://doi.org/10.1080/23273798.2014.995679
https://doi.org/10.1080/23273798.2014.995679
https://doi.org/10.1080/23273798.2015.1005636
https://doi.org/10.1080/23273798.2015.1005636
https://doi.org/10.1080/0163853X.2016.1272088
https://doi.org/10.1080/0163853X.2016.1272088
https://doi.org/10.1016/j.neuroimage.2019.116200
https://doi.org/10.1016/j.neuroimage.2019.116200
https://doi.org/10.1016/j.neuroimage.2011.11.039
https://doi.org/10.1016/j.neuroimage.2011.11.039
https://doi.org/10.1016/j.neuroimage.2009.06.032
https://doi.org/10.1016/j.neuroimage.2009.06.032
https://doi.org/10.1016/j.neubiorev.2009.03.003
https://doi.org/10.1016/j.neubiorev.2009.03.003
https://doi.org/10.1002/hbm.23633

	Understanding an implicated causality: The brain network for processing concessive relations
	1 Introduction
	2 Methods
	2.1 Participants
	2.2 Design and materials
	2.3 Procedure
	2.4 Data acquisition
	2.5 Statistical analysis of imaging data
	2.5.1 Whole-brain analysis
	2.5.2 The correlations between brain activations and individual differences
	2.5.3 Dynamic causal modelling (DCM)


	3 Results
	3.1 Behavioral results
	3.2 Whole-brain analysis
	3.3 Region of interest (ROI) analysis
	3.4 The correlations between brain activations and individual differences
	3.5 Dynamic casual modelling (DCM)

	4 Discussion
	4.1 The neurological bases of understanding concessive relations
	4.2 Different functional connectivities for processing concessive relations vs causal relations

	5 Conclusions
	Declaration of Competing Interest
	Data availability
	Acknowledgements
	References


