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Abstract

Metaphors are a core category of cognitive linguistics and an important mode of human thinking. They concretize abstract concepts
through cross-domain mapping and build a bridge between cognition and understanding in verbal communication and interpersonal
communication. Metaphor research has shifted from a pure linguistic perspective to multidisciplinary and multimodal research. How-
ever, there has yet been no systematic review of how the brain processes the differentiation and integration mechanism of verbal and
non-verbal modal metaphorical information, as well as the main influencing factors. In particular, a weak area in current research is how
special groups achieve compensation of metaphorical understanding through neuroplasticity. This review systematically describes the
relevant achievements in cognitive neuroscience in recent years, with the aim of revealing the main influencing factors of multimodal
metaphor processing and the process of neural differentiation and cross-modal integration. This review also focuses on the compensatory
mechanisms in autism, aphasia, and deafness, and describes how they achieve effective metaphorical understanding through the recon-
struction of neuroplasticity. Moreover, it provides an integrated perspective for understanding the neural basis of metaphorical cognition,
as well as a theoretical basis and practical guidance for advancing multimodal metaphor research and applications in rehabilitation. Future
research should combine temporal neurodynamic technology with ecological interventions designed to further promote advancement in
this field.
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1. Introduction are constructed. Researchers have discovered that during
cross-subjective information transmission, the construc-
tion and understanding of metaphors has moved beyond
the scope of language. Metaphorical meaning can be co-
transmitted through two or more symbolic modalities (e.g.,
visual images, gestures, spatial design, and other non-
verbal metaphors) and is now developing towards multi-
modal metaphors. This helps individuals to more accurately
understand the subjective experience of the other party,
including semantic connotation, communicative intention,
and the emotional dimension [9—12]. For example, the im-
age metaphor of “dead trees symbolizing ecological crisis”
in public service advertisements, the synergy between the
phonetic metaphor of “indulgence in silkiness” and the silk
floating animation in chocolate advertisements, as well as
the spatial coding of gestures through the metaphor of “as-
cending action metaphor progress” all indicate the activa-
tion of cross-domain associations between verbal and non-
verbal modalities in metaphor construction [13—16]. It is
With the rise of cognitive science and multimodal  therefore important to identify the main factors affecting the
language analysis, metaphor research has progressed from  dynamic comprehension process of individuals when they
viewing metaphors as rhetorical decorations at the lin-  receive verbal or non-verbal metaphorical information from
guistic level, to understanding them as the basic way in others.
which human abstract thinking and conceptual systems

Metaphor refers to the systematic representation of
concepts within one cognitive category [1]. It is not only
a linguistic phenomenon or rhetorical device, but also
a cognitive-communicative tool, the core of which is to
transform abstract and complex concepts (such as “life”)
into concrete, perceptible experiences (such as “journeys”)
through cross-domain mapping, thus achieving efficient in-
formation transfer, emotional resonance, and social inter-
action [2—4]. For example, a series of metaphorical lan-
guages with daily experience, such as “Dark Age”, “Per-
sonality Like Pepper”, “Mood Like a Thunderstorm”, and
“Feelings Enter the Autumn Stage”, achieve the percep-
tualization of abstract experience through concrete analo-
gies [5,6]. In fact, concepts such as age, character, mood,
and emotion do not have characteristics such as brightness,
food, and weather, but people will still often use metaphors
to describe things [7,8].
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The processing efficiency of multimodal metaphors
is closely related to the complex interaction of social and
cultural practices. However, based on its core role in con-
structing the basic framework of metaphor understanding,
regulating the real-time processing process, and revealing
the differentiation of understanding paths, the core influ-
encing factors can be summarized into three dimensions:
knowledge experience, contextual information, and indi-
vidual differences [17-19]. Relevant neurological evidence
suggests that in multimodal interfaces, the cross-modal in-
tegration coding of metaphors (visual symbol topological
mapping, auditory prosodic emotion marking, tactile tex-
ture embodied simulation) can induce dynamic functional
reorganization of distributed brain networks. The specific
neural mechanisms are reflected in the enhancement of
cross-brain functional coupling (e.g., the semantic binding
of the angular gyrus-fusiform circuit pathway supports the
integration of images and texts), and in the improved syn-
chronization of high-frequency neural oscillations (the real-
time integration efficiency of Gamma band activity reflect-
ing multimodal information) [20-22].

Worth noting is that this mechanism has unique com-
pensatory value in special group communication. For ex-
ample, patients with autism are able to reconstruct se-
mantic networks through visual-tactile multimodal chan-
nels (e.g., flowcharts, metaphors, social rules, vibrational
feedback, and emotional intensity). Moreover, their neu-
roplasticity is manifested by functional reorganization of
the mirror system and enhanced activation of the right tem-
poroparietal joint area [23,24]. Patients with aphasia rely
on compensatory activation of right-brain non-verbal path-
ways (e.g., the right superior temporal sulcus is involved
in metaphor comprehension) to achieve partial recovery of
language function through multimodal integration [25-27].
The deaf-mute group relies on the spatial coding network
of the right parietal lobe, as well as the motor intention
decoding function of the visual cortex through the spatial
metaphor of sign language (e.g., “time is like flowing wa-
ter” simulates the flow of time through gesture direction)
[28,29]. It is also worth noting that the direction and de-
gree of neuroplasticity are highly dependent on the joint ef-
fects of innate endowment and acquired intervention. The
practical efficacy of these compensatory mechanisms, such
as universality, efficiency and optimal inducing conditions,
remains subject to individual differences, cognitive load
and technology transformation. Therefore, the main direc-
tion and key aim of future research is how to translate neural
advantages found in the laboratory, such as enhanced acti-
vation of the right temporoparietal symphysis region and
compensation of the right brain pathway, into practical ap-
plications.

In summary, this paper focuses on the study of
metaphors in cognitive linguistics. The aim is to system-
atically elucidate how individuals receive and understand
the information transmitted by others through verbal and

non-verbal modalities in daily communication situations.
What are the main factors that regulate this process? Dur-
ing the process of information reception, how does the neu-
ral mechanism of the brain realize the differentiation and
processing of verbal and non-verbal modalities and cross-
modal integration? For special groups with specific com-
munication disorders (e.g., autism spectrum disorder, apha-
sia, deaf and mute people), how does their nervous system
form a compensatory mechanism through plasticity restruc-
turing to achieve effective communication? Therefore, this
review will first cover the influence of knowledge experi-
ence, contextual information, and individual differences on
the understanding process of multimodal metaphors, based
on the current and relevant theories of metaphors. Next,
we discuss neural function differentiation between verbal
and non-verbal modalities and the brain network synergy,
and neuroplasticity of cross-modal metaphors. The neural
coding mechanism of multimodal metaphors is also system-
atically explained. Finally, this thesis examines future re-
search directions on multimodal metaphors. It aims to pro-
mote interdisciplinary integration and further in-depth re-
search into multimodal metaphors. This should expand our
understanding of the nature of metaphors, optimize social
communication and technological innovation, and provide
theoretical guidance and a scientific basis for development
prospects in education, medical care, artificial intelligence
and other application fields.

2. The Main Influencing Factors for
Metaphor Processing

Metaphor processing is affected by the interaction of a
variety of complex factors. Although there are many influ-
encing factors, this study focuses on the three key dimen-
sions of knowledge experience, contextual information, and
individual differences. These are based on above core role
in constructing the basic framework of metaphor under-
standing, the regulation of real-time processing, and reveal-
ing the differentiation of understanding paths.

2.1 Knowledge and Experience

The Conceptual Metaphor Theory (CMT) proposed
by Lakoff and Johnson (1980) [2] has had a significant
impact in the field of cognitive linguistics. It challenges
the traditional linguistic view of a metaphor as a rhetori-
cal ornament, arguing instead that it is essentially a cogni-
tive mechanism of cross-domain mapping. In other words,
from the concrete source domain (e.g., journey) through to
the abstract target domain (e.g., life) to carry out system-
atic cross-domain mapping. The formation of this mapping
is not arbitrary, but strongly dependent on the knowledge
and experience accumulated by the individual, i.e., the indi-
vidual’s cognition of things and their interrelationships ac-
quired through education or hands-on practice [30]. The
core sources of individual knowledge experience include
both culturally acquired knowledge and embodied experi-
ential knowledge [2,31].
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Culturally acquired knowledge stems from shared
metaphorical schemas that are passed down from genera-
tion to generation by specific cultural groups through ed-
ucation, media dissemination, and social practice. These
schemas shape the default framework for group members to
understand abstract concepts and internalize them into indi-
vidual reserves of cultural knowledge. For example, the dif-
ference between the knowledge that “dragon” symbolizes
authority and auspiciousness in Chinese culture, and the
knowledge that “dragon” in Western culture is a metaphor
for danger and evil [31]. This stems from their unique his-
torical narratives and collective experiences, and is solid-
ified through idioms (e.g., Wang Zi Cheng Long: 2 - %
&), proverbs and other linguistic forms. Knowledge of cul-
tural norms profoundly affects the ability of individuals to
decode metaphorical information in cross-cultural commu-
nication. Embodied experiential knowledge, on the other
hand, is based on the bodily experience accumulated by
humans through interaction of the perceptual-motor system
with the physical and social environment [32]. Such expe-
riences form an indispensable, a priori basis for understand-
ing abstract metaphors. Due to the finite nature of cognitive
resources (e.g., working memory) [ 18], the grasp of abstract
concepts often relies on the embodied anchoring of bodily
experience. For example, the “warm” tactile sensation as-
sociates “friendly” emotions through connection between
the somatosensory cortex and the limbic system. This pro-
cess involves a wealth of tactile experiences, and the emo-
tional feelings evoked directly affect the individual’s psy-
chological and behavioral judgments [33]. Somatosensory
experiential knowledge is based on multimodal visual, tac-
tile, kinesthetic and other modalities, and enables individ-
uvals to use “somatosensory analogies” to quickly activate
and understand abstract semantic networks [34,35].

Therefore, the knowledge of cultural acquisition and
the knowledge of embodied experience together constitute
the “knowledge and experience base” required for an indi-
vidual’s understanding of metaphors. It is the synergy of
these two aspects of knowledge that enables people to pro-
cess and interpret metaphorical information easily, quickly,
and with relative accuracy when understanding the physical
world or communicating with people.

2.2 Contextual Information

Contextual information refers to the specific envi-
ronment in which language occurs, including verbal cues
(e.g., context, intonation) and non-verbal cues (e.g., phys-
ical scenes, participant relationships, accompanying facial
expressions, shared cultural backgrounds, etc.). It is not
a static background, but a core cognitive variable that dy-
namically shapes the construction of metaphorical mean-
ing, provides immediate and constrained clues for the en-
coding and decoding of metaphors, and profoundly affects
the generation and interpretation of metaphorical meanings
[36,37]. The core of the influence mechanism lies in the
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ability of contextual information to pre-activate and filter
relevant knowledge and experience. A specific commu-
nicative context acts as a “cognitive sieve”, preferentially
activating specific parts of the individual’s knowledge and
experience base that are highly adapted to the current situ-
ation, while suppressing irrelevant parts. This provides the
most appropriate source domain options and target domain
interpretation frameworks for metaphor mapping [38,39].
For example, strict social norms in diplomatic settings will
activate metaphorical symbols such as “handshake” and
“bridge” that meet the requirements of power relations and
etiquette to express cooperation. The context of commer-
cial advertising tends to activate consumer cultural sym-
bols, such as “diamonds symbolize eternal love”, to fit the
logic of capital, reflecting the context’s directional invoca-
tion of internalized knowledge of social norms [9,13].

Further, contextual information builds the semantic
expectation framework needed to understand metaphors by
providing rich cues, especially non-verbal and multimodal
information. These guide processors to predict and inte-
grate metaphorical expressions that are about to emerge or
have already appeared [40]. In strong contexts that share a
lot of background information (e.g., family member conver-
sations), a vague reference (e.g., “see you in the old place™)
can be quickly understood because it is highly dependent
on context-activated shared spatial memory, and the frame-
work construction is rapid and efficient. Conversely, in
weak contexts (e.g., cross-cultural negotiations) that lack
a common context, a single verbal metaphor is often insuf-
ficient to carry abstract concepts, and the role of contextual
information is more prominent. In such cases it is necessary
to rely on multimodal cues such as images, gestures, and ex-
pressions to “compensate” and work together to construct
a complete semantic framework for understanding [41,42].
The richness and consistency of contextual cues directly de-
termine the clarity of the expected framework, which in turn
affects the smoothness of metaphor processing.

In particular, when the metaphorical expression itself
is ambiguous or conflicts with the context (e.g., ironic lan-
guage or metaphorical actions), contextual information be-
comes a key driver to disambiguate and reconstruct the
speaker’s true intention [43,44]. For example, when the lit-
eral meaning of words that appear to be praise is actually
sarcastic and clashes with the context (e.g., the speaker’s
sarcastic expression, tone of voice, tensions, or the con-
text of the event). Understanders must rely heavily on
these conflicting contextual cues, invoke cognitive flexibil-
ity to inhibit automated literal interpretation priorities, ac-
tively adjust comprehension strategies, and finally recon-
struct metaphorical intentions that fit the overall informa-
tion of the context [45,46]. This process reveals the core
role of contextual information in guiding comprehension
beyond the literal surface and into the level of metaphorical
intent, while presenting high requirements for the cognitive
regulation ability of processors.
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In summary, metaphor processing relies heavily on
contextual information for dynamic and real-time adjust-
ment. It uses long-term accumulated knowledge and ex-
perience as the cognitive basis to support top-down pro-
cessing. In this process, individuals use existing knowl-
edge and experience, as well as expectations and cognitive
frameworks, to actively guide information processing by a
concept-driven processing method [47,48]. Metaphor pro-
cessing also relies on the immediacy and constraint clues
provided by contextual information to drive bottom-up pro-
cessing. This refers to the direct triggering of information
processing by the physical characteristics of external stim-
uli, which is a data-driven processing method [49,50].

Contextual information finely regulates the generation
and understanding of metaphorical meaning by activating
and screening relevant knowledge, constructing a seman-
tic expectation framework, and resolving conflict-inducing
intent reconstruction. To a large extent, the degree of in-
dividual cognitive flexibility determines whether it can ef-
fectively integrate “long-term schema” provided by knowl-
edge and experience, with “real-time navigation” provided
by contextual cues. By coordinating the interaction be-
tween the two, an accurate grasp and efficient processing
of metaphorical information can be realized.

2.3 Individual Differences

Individual differences profoundly shape the cogni-
tive pathways and specificity of processing strategies for
metaphor processing. Firstly, the core of cognitive style
differences (such as field dependence and field indepen-
dence) lies in the differently weighted distribution of an
individual’s dependence on “environmental cues” and “in-
ternal representations”. This is mainly manifested in the
fact that field-dependent individuals are highly anchored
to the immediate context and group consensus. Such in-
dividuals give priority to integrating external cues (e.g.,
the cultural symbol of “red = festive” in advertising), and
their metaphorical interpretation is easily guided by situ-
ational cues and shared knowledge, which are closely re-
lated to the efficiency of their social-emotional information
processing network. On the other hand, field-independent
individuals tend to rely on internal knowledge structure
and autonomous analytical ability. They can actively strip
away contextual constraints and extract atypical associa-
tions from their own experience base for creative map-
ping (e.g., reconstructing the visual features of calligraphy
“Feibai” into a philosophical metaphor of “blank life’’), thus
reflecting a stronger neural mechanism of cognitive inhibi-
tion and conceptual reconstruction [51].

Secondly, differences in group identity (e.g., occupa-
tional groups, subcultural circles) stem from the dominant
role of domain-specific embodied schemas internalized in
long-term professional practice on concept mapping. Re-
peated bodily experiences and conceptual manipulations
in specific domains (e.g., tactical collaboration of athletes

or esports players) shape highly specialized perceptual-
motor patterns and knowledge frameworks, which then be-
come the default source domain for metaphor generation
[52]. For example, doctors use the metaphor of “immune
system natural defense” to describe physiological mecha-
nisms, which stems from the deep neural binding of mil-
itary concepts and immune function in their professional
training. E-sports players use “push tower” to refer to team
goal achievement, which is based on the embodied associ-
ation reinforcement of their manipulation actions and tac-
tical success [17,53]. This identity-driven metaphor pref-
erence is essentially the embodiment of professional cog-
nitive frameworks at the neural representation level, which
can improve the efficiency of metaphor processing in the
domain. However, it may also limit the flexible processing
of metaphors across domains.

It is worth noting that differences in neurophysiologi-
cal or sensory channels trigger cross-modal functional com-
pensation and neuroplastic reorganization, altering the per-
ceptual entry and processing pathways of metaphors [54,
55]. For example, due to hearing loss, the deaf-mute group
has developed a synergistic reinforcement mechanism of
visual-spatial-tactile channels. This is manifested as ori-
entation metaphors in spatial sign language (e.g., gesture
trajectories simulate time flow), while tactile vibrations are
encoded as emotional intensity symbols, and abstract con-
cept understanding is achieved by relying on neural remod-
eling in the visual cortex, somatosensory cortex, and pos-
terior parietal cross-modal integration area [28,56]. Indi-
viduals on the autism spectrum may experience challenges
in linguistic metaphor processing due to differences in The-
ory of Mind networks or semantic integration pathways, but
their cognitive systems are often compensated through vi-
sual regularization and concrete sensory anchoring. They
can also use flowcharts to deconstruct social metaphors, or
transform emotional fluctuations into physical representa-
tions of tactile temperature changes (cold/hot), highlighting
their neural superiority in rule-driven and sensory figurative
processing [57].

Therefore, the influence of individual differences on
metaphor processing is actually based on the adaptive re-
construction of cognitive style, group identity, and neural
basis. It determines that information extraction is biased to-
wards contextual cues, internal schema inhibition, or com-
pensatory sensory channels. This shifts the mapping mech-
anism towards conventional consensus, independent inno-
vation, or cross-modal transformation, and shapes the dif-
ferentiated activation patterns of social brain network, ex-
ecutive control network, and sensorimotor integration net-
work. Therefore, systematic cognitive reconstruction re-
veals that metaphor processing is not a unified path, but
rather an adaptive product of differences in individual neu-
rocognitive systems and their interaction with environment.
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3. Cognitive Neural Differentiation and
Integration Mechanisms of Multimodal
Metaphors

3.1 Neurological Differentiation of Verbal and Non-Verbal
Modalities

The core neural mechanism of language metaphor pro-
cessing needs to play the cross-domain mapping function
of the left hemisphere language region, while also depend-
ing on the semantic integration ability of the right hemi-
sphere association network [58]. Using functional mag-
netic resonance imaging (fMRI), Benedek e al. (2014) [59]
found that the activation intensity of the left middle tempo-
ral gyrus (MTQG) and angular gyrus (AG) in novel metaphor
generation tasks was significantly greater than that of literal
language processing, suggesting they play a central role in
topological associations between abstract and concrete con-
cepts [60]. Specifically, during the processing of linguis-
tic metaphors, the MTG is mainly responsible for extract-
ing the semantic features of abstract concepts (e.g., time),
while the AG is responsible for integrating the association
between concrete experiences (e.g., knife) and abstract con-
cepts (e.g., time) to complete cross-domain semantic map-
ping [58]. A cross-cultural study further show that English
metaphor processing exhibits stronger leftization activity in
the brain compared to Chinese metaphors. Given the visual
characteristics of the Chinese writing system and the dom-
inant role of the right hemisphere in visuospatial process-
ing, there is evidence that Chinese metaphorical compre-
hension occupies more resources in the right hemisphere
[61]. One possible explanation is that, although the core
MTG and AG mechanisms underpin metaphorical mapping
across languages, the specific neural pathways that support
pre-mapping language symbol processing vary among writ-
ing systems. For example, the processing of two-character
metaphors (e.g., Xin Hai: & #) in Chinese invokes the
fusiform gyrus (FG) to process the unique visual morphol-
ogy of Chinese characters and perform semantic encoding.
In contrast, alphabetic scripts such as English rely more on
the superior temporal sulcus (STS) of the left hemisphere
for phonological-semantic binding [62,63]. When a partic-
ular writing system processes literal and figurative mean-
ing, its neural processes dynamically construct the neces-
sary linguistic representations. This complex construction
process is moderated by factors such as linguistic charac-
teristics, context, reasoning difficulty, and semantic promi-
nence [64], and significantly affects the asymmetry of brain
processing. Eventually, these conditioned representations
are integrated into the core cross-domain mapping mech-
anism regulated by MTG and AG. However, caution must
be exercised when interpreting neuroimaging findings from
this type of cross-linguistic comparison. The neural dif-
ferences in metaphor processing between Chinese and En-
glish, although closely related to the characteristics of writ-
ing systems (such as logographic vs phonetic scripts), many
current studies have not systematically and rigorously con-
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trolled a range of potential confounding variables in the
design of stimulus materials, such as orthographic com-
plexity, semantic transparency, word frequency, familiar-
ity, and context dependence [45,64,65]. Specifically, due
to the visual complexity and higher semantic transparency
of Chinese characters, there may be a greater reliance on
resources from the right hemisphere in the early processing
stages; whereas phonetic scripts like English tend to rely
more on the left hemisphere’s phonological-semantic path-
way [62,63]. If these variables are not sufficiently matched
in cross-language comparisons, then the observed differ-
ences in brain region activation are difficult to clearly define
in terms of how much they reflect differences in the deep
metaphor processing mechanisms themselves versus and
how much they stem from differences in these basic percep-
tual or lexical attributes. Therefore, although existing evi-
dence suggests a preliminary trend that there may be later-
alized differences in metaphor processing between Chinese
and English, it is premature to regard this as a definitive
and universal conclusion about neural mechanisms. Fu-
ture research needs to rigorously match these confounding
variables through carefully designed experiments in order
to more robustly isolate the independent contributions of
script system characteristics to metaphor neural represen-
tation, thereby revealing more clearly the commonalities
and specificities of neural mechanisms underlying cross-
language metaphor processing.

It should be noted that some studies have shown that
during brain processing, attention components in the ante-
rior cingulate gyrus and prefrontal regions monitor and fil-
ter relevant aspects of the context and appropriate meaning.
N400 components are often observed in the early stages of
linguistic metaphorical processing, and their amplitude is
widely thought to reflect the difficulty of semantic integra-
tion. In this process, the prefrontal cortex (PFC) can be
used to help suppress literal meaning interference and reg-
ulate the contextual adaptation of metaphors. Afterwards,
a late positive component (LPC) or a component known as
P600 typically appears. Although they may overlap in la-
tency and scalp distribution, their cognitive functions still
have certain emphases. P600 is usually closely associ-
ated with reanalysis of syntactic or semantic-syntactic in-
terfaces, conflict resolution, or cognitive control processes
[66], while LPC is more related to late cognitive process-
ing such as emotional evaluation, fine semantic integra-
tion, situational model updating, or memory encoding [67].
In metaphor comprehension, the occurrence of P600/LPC
typically reflects the secondary processing, reconstruction,
or evaluation of metaphorical meaning based on contex-
tual information. Specifically, when metaphor compre-
hension involves reanalyzing the conflict between literal
and metaphorical meanings, it may more easily elicit P600;
whereas when the comprehension process focuses on the
emotional resonance of the metaphor or integrating it into
a broader situational model, it may manifest as LPC [68—
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70]. Moreover, the activation strength of this component
increases with decreased familiarity with the metaphor,
thereby optimizing the processing efficiency and accuracy
of understanding language metaphors [71,72]. More im-
portantly, the performance and functional interpretation of
these event-related potentials (ERP) components highly de-
pend on experimental tasks and contextual factors. For ex-
ample, the effect size of the N400 may vary due to the nov-
elty of the metaphor and the strength of contextual support,
while the amplitude and distribution of the LPC/P600 may
also differ depending on whether the task requires seman-
tic consistency judgment or emotional resonance evaluation
[73,74]. These results suggest the processing of linguistic
metaphors in the brain is a dynamic and cognitive regula-
tion process, and the higher the novelty of the metaphor,
the greater the consumption of prefrontal neural resources.
This pattern of cognitive cost can effectively resolve the res-
olution accuracy of unconventional metaphors [75].

Compared with linguistic metaphors, non-verbal
metaphors (such as vision, gesture, and touch) convey
metaphorical meanings through distributed brain networks.
Their neural mechanisms are mainly reflected in embod-
ied simulation and spatial coding across sensory channels.
Forceville (2009) [ 13] reported that during the processing of
visual metaphors, the object recognition function of the FG
(e.g., dead tree) is activated through the occipitotemporal
symphysis area. The semantic integration function of the
AG is then used to bind it to abstract concepts (e.g., eco-
logical crisis). The affective valence of visual metaphors
(e.g., sense of urgency) can enhance coupling between the
amygdala and the medial PFC, support emotional-semantic
meaning binding, and endow individuals with emotional
experiences through visual metaphors [21,63].

A study has shown that the neural basis of gesture
metaphor is closely related to the motor cortex and mirror
neuron system [76]. Gestures simulate abstract concepts
(e.g., ascending gesture metaphor progression) through spa-
tial movement, activating the premotor cortex and inferior
parietal lobule, and forming a cross-domain mapping of
motion-semantics [77]. The synergistic activity between
the right superior temporal sulcus (rSTS) and the mirror
neuron system (MNS) is enhanced when individuals ob-
serve gesture metaphors, suggesting that gestures are sim-
ulated through action to facilitate metaphor understanding
and support cross-subject empathy [78,79]. The processing
of tactile metaphors (e.g., silk texture metaphor silky expe-
rience) relies on the cross-modal integration of somatosen-
sory cortex and insula [21]. The association between tac-
tile stimuli and abstract concepts has been found to acti-
vate the texture representation area of the somatosensory
cortex, with the insula converting tactile valence into emo-
tional meaning through interoception [80,81]. The above-
mentioned research on the neural mechanism of non-verbal
metaphors reveals that human understanding of abstract
thinking, such as bodily action and perceptual experience,

does not rely solely on the transmission of literal informa-
tion, but also builds abstract concepts through cross-domain
simulation of sensorimotor systems [82] to form more effi-
cient embodied cognitive shortcuts. This metaphorical path
of “body before language” may be neural evidence that hu-
man beings had the ability to think abstractly before the
birth of language.

Studies have revealed that metaphors, as the core car-
rier of human abstract thinking, have a common architec-
ture and channel-specific division of labor in their neural
mechanism. Whether it is the left hemisphere semantic
network (MTG-AG’s cross-domain mapping) or the dis-
tributed sensory system called by non-verbal metaphors
(visual integration of occipitotemporal symphysis-angular
gyrus, gesture simulation of motor cortex-mirror neurons,
and tactile transformation of somatosensory cortex-insula),
the processing process shows a similar cognitive neural
logic. First, it relies on the embodied experiential activa-
tion/simulation of perceptual or motor systems, then it ex-
tracts and abstracts the core semantic features, and finally it
realizes the dynamic mapping and meaning reconstruction
between different conceptual domains. This commonality
is mainly reflected in two aspects. First, the central piv-
otal role of prefrontal executive control, which manifests in
the emotional valence of PFC inhibition of literal interfer-
ence in linguistic metaphors and the integration of medial
prefrontal cortex (mPFC) in non-verbal metaphors [21,71].
This suggests that higher-order cognitive regulation is a
necessary condition for cross-channel metaphor compre-
hension. Second, the cross-modal plasticity of brain region
functions, such as AG, binds abstract concepts in linguis-
tic metaphors, while integrating image symbolism in non-
verbal visual metaphors [58,63]. This highlights the uni-
versal integration mechanism of multimodal semantic hubs.
However, channel differences between different modalities
shape the specific division of labor of metaphorical pro-
cessing paths. Specifically, language metaphors rely more
on hierarchical semantic networks, such as accurate map-
ping dominated by language regions in the left hemisphere.
Moreover, their ERP characteristics usually manifest as ob-
vious N400 effects (reflecting the difficulty of initial se-
mantic integration) and subsequent LPC/P600 (reflecting
higher-order integration/refactoring) under specific condi-
tions (e.g., novel metaphors, weak contexts) [71]. Non-
verbal metaphors tend to be spatial-emotional parallel pro-
cessing, that is, conceptual metaphors are activated through
spatial coding in the motor cortex, while emotional mean-
ing is transformed through insula sensations [76,81]. Al-
though the processing of nonverbal metaphors may be more
dependent on sensorimotor channels, this does not imply a
complete absence or general weakening of the semantic in-
tegration monitoring link (similar to N400). Indeed, nu-
merous studies have shown that under certain conditions
(e.g., when nonverbal symbols conflict with their intended
or conventional symbolism, or tasks that require explicit
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semantic judgment), the semantic integration of nonverbal
stimuli such as visual images and gestures can induce neg-
ative wave components similar to linguistic N400, usually
in the temporoparietal region [83—85]. This suggests that
cross-modal semantic integration processes may share cer-
tain mechanisms at the neuroelectrophysiological level.

3.2 Brain Network Synergy and Neuroplasticity Across
Modal Metaphors

Efficient processing of multimodal metaphors de-
pends on the dynamic coordination of distributed brain net-
works. The mechanisms include multimodal hub integra-
tion, real-time synchronization of high-frequency neural os-
cillations (Gamma band), and conflict regulation and re-
source allocation of PFC. These show significant group
adaptability and compensatory performance in neural inte-
gration.

The resting-state functional connectivity study
showed that the AG, as the core hub of multimodal
semantic integration, can perform topological mapping
of cross-modal information by connecting the visual,
auditory and somatosensory cortices. Furthermore, its
functional connectivity strength is positively correlated
with the metaphor comprehension efficiency [20]. A neural
oscillation study provide temporal dynamic evidence for
the integration of specific types of multimodal information.
For example, He et al. (2018) [86] used synchronous
electroencephalogram (EEG)-fMRI technology to show
the gamma band activity of the parietal-temporal cortex
network was significantly enhanced when understanding
metaphorical gestures and verbal synergistic expressions
involving abstract concepts. This synchronization enhance-
ment of high-frequency neural oscillations is thought to be
a key neural mechanism that supports real-time binding
and integration of cross-modal metaphorical information,
such as gesture space coding and abstract semantics [86].
However, it should be noted that most current research on
neural oscillations (including the cited literature) primarily
focuses on the integration within or between consistent
and complementary modalities (such as matching gesture-
speech pairs). Whether and how gamma oscillations play a
similar binding role in more diverse and complex contexts
of multimodal metaphors (such as image-text metaphors,
or tone-text metaphors with conflicting information) still
needs to be explored in depth. In addition, metaphor com-
prehension relies on the dynamic adjustment of contextual
information, and thus requires dynamic coordination
between the left hemisphere language region (e.g., MTG
and AG) and the right hemisphere associative network
(e.g., temporoparietal joint area). A recent study has shown
that synchronization enhancement of Gamma oscillations
during metaphor generation is significantly and negatively
correlated with the novelty of metaphors [87]. Although
this discovery originates from a single-modal (language)
task, the high-frequency neural oscillations that it reveals
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support a cross-domain mapping mechanism, providing
theoretical support for the pivotal role of AG in multimodal
metaphorical integration. Further work is required to
verify whether Gamma activities perform similar functions
in multi-channel information binding through cross-modal
paradigms, such as audio-visual metaphorical conflict
design.

This dynamic synergy mechanism has also been fur-
ther validated in cross-cultural neural mechanism research,
with the functional connectivity strength of default mode
network (DMN, precuneus [PCUN], inferior parietal lob-
ule [IPL]) and dorsal attention network (DAN, intrapari-
etal sulcus [IPS]) being significantly higher in East Asian
subjects than in Western subjects [61,88]. This result sug-
gests cultural experience is also involved in neural repre-
sentation processes that modulate brain network synergistic
patterns to shape metaphorical understanding. Specifically,
the neural representation of context-dependent metaphor
processing (e.g., using water as a metaphor), characterized
by a DMN and the DAN, supports global semantic asso-
ciation. The DMN is the main brain region, including the
medial prefrontal cortex, posterior cingulate cortex, ante-
rior cuneineus, and inferior parietal lobules. Goal-oriented
metaphor processing (e.g., time is money) activates the
ventral attention network (VAN) and left prefrontal lobe
[22,89-91].

This synergistic integration mechanism plays an im-
portant role in the processing of metaphors in normal
groups. However, due to cognitive or physiological
deficits, special populations are unable to invoke the same
integration mechanism to process metaphors in a similar
manner to ordinary people. These populations use neuro-
plasticity to achieve the compensatory integration of other
brain functional tissues in order to understand and process
metaphors. For example, the metaphor processing mecha-
nism of patients with aphasia was found to have enhanced
compensatory activation on the right side of the rSTS and
inferior frontal gyrus (IFG) [92], suggesting that non-verbal
channels can reconstruct semantic associations through the
right hemisphere network. This conclusion is also sup-
ported by the study of autism groups. Pierno et al. (2006)
[93] found that autistic patients rely on visual-tactile chan-
nels to reconstruct semantic networks due to deficits in lin-
guistic metaphor comprehension. Activation of the right
parietal cortex of these individuals was enhanced when they
graphed social rules through tactile flow. The process-
ing of metaphorical information also relies on the com-
pensatory integration of non-verbal channels. Recent re-
search has shown that compensatory efficiency in chil-
dren with autism is regulated by metaphorical significance.
Specifically, a highly dominant metaphor can induce early
cross-modal coupling in the right temporo-parietal sym-
physis region while significantly reducing the N400 am-
plitude, whereas low-dominant metaphors continue to in-
duce abnormal late positive components (LPCs), reflecting
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the group’s integration barriers to abstract semantics [94].
The deaf-mute group activates the right parietal lobe spa-
tial network through spatial metaphors in sign language,
such as the gestural direction of “time flow” [28]. When
congenitally deaf and mute people process sign language
metaphors, the activity intensity of the rSTS and bilateral
fusiform gyrus (bFG) is significantly stronger than that of
people with normal hearing, and the compensatory visual-
motor pathway is also more advantageous [95]. In addi-
tion, haptic-vibrating devices can convert speech prosody
into tactile thythm (e.g., high-frequency vibrations are used
to express excitement) and activate the left somatosensory
cortex and supplementary motor area (SMA) in deaf-mutes,
inducing cross-modal plasticity recombination [96].

These compensatory integration mechanisms based on
special populations complement and enrich our understand-
ing of the brain network synergy mechanism of cross-modal
metaphors. The studies also show the human brain can
achieve cross-modal integration of metaphor information
through dynamic reorganization of brain networks, such
as right parietal lobe compensation and somatosensory-
motor pathway enhancement. Furthermore, the compen-
satory strategies of different groups are specific, such as
bFG dominance in deaf-mutes. The discovery and descrip-
tion of this mechanism has expanded the connotation of
embodied cognition theory, while also providing a possible
neuroscientific basis for the development of educational in-
terventions and rehabilitation technologies (e.g., tactile and
vibration devices) for special groups.

4. Summary and Future Research Prospects

This review has systematically described the neural
processing mechanisms and main influencing factors of
multimodal metaphorical information in daily communica-
tion situations. In particular, it outlines the neural differ-
entiation and cross-modal integration mechanisms of ver-
bal and non-verbal modalities, and explains how special
groups (e.g., autism, aphasia, deaf and mute) achieve com-
pensatory metaphorical processing through neuroplasticity.
Some correspondences between brain structures and func-
tions related to metaphor processing are shown in Table 1
(Ref. [13,20,21,23-25,27,58,59,62,63,71,75,77,78,80,81,
93,94]). By analyzing the neural basis of cross-modal dy-
namic integration in metaphor processing, such as the em-
bodied simulation mechanism of mirror neuron system and
the semantic association function of default pattern net-
work, researchers can systematically elucidate the neural
enhancement path of language comprehension efficacy in
interpersonal interactions. Through the synergistic sugges-
tion of verbal and non-verbal modalities, the two sides of
the dialogue can activate the shared mirror neuron system
and the insula-prefrontal emotional circuit. This realizes
the deduction of thinking patterns, empathy of psychologi-
cal states, and the docking of cultural schemas, thus signif-
icantly improving the communication efficiency and qual-

ity of social interaction [97]. The current review not only
elucidates the neural mechanism by which humans receive
and process information from others, but also deepens our
understanding of multimodal metaphor processing by spe-
cial groups. Although significant progress has been made
in understanding the cognitive neural mechanisms of mul-
timodal metaphors, many challenges remain in its theoret-
ical construction and practical application. In the future, it
is necessary to further promote interdisciplinary integration
exploration in the following directions.

First, the temporal neural mechanism of dynamic
metaphor processing requires further clarification. In fu-
ture studies, virtual reality (VR) and high-precision timing
technology (such as cross-band oscillation analysis) could
be combined to further explore how the neural resource
competition mechanism of cross-channel metaphors (such
as interhemispheric inhibition during language-gesture in-
tegration) can reshape the neural coding efficiency of multi-
channel metaphors. This may also reveal the integration
law of multimodal information (such as the spatiotemporal
trajectory of gestures, the prosodic fluctuation of speech,
and the real-time feedback of haptics) within millisecond-
level time windows, as well as how the phase synchroniza-
tion of Gamma band oscillation supports rapid binding of
cross-modal information [86]. Predictive coding mecha-
nisms in metaphor processing, such as how the brain pre-
activates possible metaphorical meanings based on context,
and their interactions with mirror neuron systems, may also
be pivotal to understanding dynamic comprehension pro-
cesses [97]. Therefore, future research should begin from
the perspective of “hierarchical metaphor processing”, and
then delve into metaphor processing mechanisms from mul-
tiple dimensions (e.g., temporal dynamics, spatial network,
and cognitive complexity), thus promoting theoretical inte-
gration and application innovation.

Secondly, the intervention strategy for multimodal
metaphor processing needs to be extended from the lab-
oratory to the ecological context. At present, exploration
of the compensatory mechanisms for autism, aphasia, and
deaf-mute groups is mostly limited to control tasks, with
multimodal metaphor processing (such as gesture-language
synergy in dialogue) in actual social situations requiring
further investigation. In the future, ecological interven-
tion technologies based on neuroplasticity should be devel-
oped. These could include simulation of complex commu-
nication scenarios through multimodal virtual social plat-
forms, developing real-time neurofeedback systems com-
bined with brain-computer interface technology, and train-
ing patients to reconstruct metaphor networks using non-
verbal channels (e.g., visual flow diagrams, tactile vibra-
tion cues) [96,98], thereby achieving individualized adapta-
tion of the intervention program. Additionally, longitudinal
follow-up studies of individuals at different ages are needed
to reveal causal associations between the intervention and
brain network reorganization (e.g., enhancement of
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Table 1. Correspondence between brain structures and functions relating to metaphor processing.

Brain area

Core functions
(related to metaphor processing)

Main associated metaphor types

Key references

Left Middle Temporal
MTG)

Gyrus

Angular Gyrus (AG)

Prefrontal Cortex (PFC)

Occipitotemporal Junction (OTJ)

Fusiform Gyrus (FG)

Amygdala (AMG)

Left Premotor Cortex/Inferior
Parietal Lobule (IPL)

Right Superior Temporal Sulcus
(rSTS)

Somatosensory Cortex

Insula

Right Parietal Cortex (rPC)

Right Hemisphere Superior Tem-
poral Sulcus (rSTS)

Extracts semantic features of abstract concepts (e.g., time,
emotion) and participates in the basic cross-domain map-
ping of verbal metaphors.

1. Integrates concrete experiences with abstract concepts
in verbal metaphors (e.g., silk, smoothness).

2. Serves as a core hub for cross-modal integration, con-
necting visual, auditory, and somatosensory cortices.
Inhibits literal meaning interference, regulates contex-
tual adaptability of metaphors, and participates in the re-
construction of metaphorical meanings (especially novel
metaphors).

Activates object recognition of visual stimuli (e.g., extract-
ing visual features of “withered trees”).

Processes semantic encoding of visual forms (e.g., visual-
semantic binding in Chinese character metaphors like “Xin-
hai”).

Binds emotional valence to visual metaphors (e.g., a sense
of urgency in “ecological crisis”).

Achieves cross-domain mapping between gestures and ab-
stract concepts through motor simulation (e.g., upward ges-
tures metaphorize progress).

Participates in the simulation and empathy of gestural ac-
tions, supporting cross-subjective metaphor comprehen-
sion.

Encodes tactile qualities (e.g., tactile features of ““silk”) and
provides an embodied basis for tactile metaphors.
Converts tactile valence into emotional meaning (e.g., cold
touch metaphorizes alienation).

Enables autistic populations to reconstruct semantic net-
works through visual-tactile channels (e.g., flowcharts il-
lustrating social rules).

Helps aphasic patients reconstruct semantic associations
through non-verbal pathways, supporting metaphor com-

prehension.

Verbal metaphors

Verbal metaphors, visual-verbal cross-modal metaphors

All types of metaphors (when cognitive regulation is re-
quired)

Visual metaphors (e.g., withered trees symbolize ecological
crisis)

Visual metaphors, verbal metaphors (ideographic scripts
like Chinese)

Visual metaphors (with emotional dimensions)

Gestural metaphors

Gestural metaphors, visual-tactile compensation in autistic
populations

Tactile metaphors (e.g., smooth texture metaphorizes com-
fortable experience)

Tactile metaphors (with emotional associations)

Compensatory metaphor processing in special populations

Compensatory metaphor processing in aphasic populations

Benedek ef al., 2014 [59]; Huang et al., 2023 [58]

Binder et al., 2009 [20]; Duque et al., 2023 [63]

Bambini ef al., 2011 [71]; Zhu et al., 2024 [75]

Forceville, 2009 [13]; Lacey et al., 2012 [21]

Han & Northoff, 2008 [62]; Duque et al., 2023 [63]

Lacey et al., 2012 [21]

Lopers, 2024 [77]; Rizzolatti & Sinigaglia, 2010
[78]

Hamilton, 2013 [23]; Yenkoyan et al., 2017 [24]

Lacey et al., 2012 [21]; Sathian et al., 2011 [80]

Giraud et al., 2024 [81]

Pierno et al., 2006 [93]; Cheng ef al., 2025 [94]

Hope et al., 2017 [25]; Kourtidou et al., 2021 [27]
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the right temporoparietal symphysis), and to evaluate its
long-term effects [99]. Therefore, future research should
focus on the multi-group adaptive and individualized neu-
ral map of compensatory neural mechanisms, develop mul-
timodal intervention strategies with low cognitive load and
high social situation adaptability for special groups of dif-
ferent ages and different characteristics, and explore their
roles in advanced social cognitive functions (e.g., emotional
resonance, intention inference, and negotiated decision-
making). Such research is essential to proceed beyond the
current limitations, unleash the full potential of compen-
satory mechanisms, and ultimately enable educational in-
novation, rehabilitation practice, and human-computer in-
telligent interaction.

Finally, technology convergence and computational
modeling will provide a new paradigm for multimodal
metaphor research. On the one hand, artificial intelligence
can draw on the cross-modal integration mechanism of the
human brain (such as the semantic binding function of the
AQG) to develop a multimodal metaphor generation model
based on deep learning. This should improve the ability of
natural language processing systems to parse graphic, tex-
tual and phonetic metaphors [97]. On the other hand, emo-
tional metaphors establish a cognitive bridge between ab-
stract emotions and concrete experiences through embod-
ied emotional representations (e.g., “heart like a knife” and
“burning in anger”), and their processing is deeply cou-
pled with the neural basis of empathy (e.g., mirror neuron
system, prefrontal-limbic circuit) [21]. Therefore, affec-
tive computing can be combined with compensatory mech-
anisms of the tactile-visual channel (e.g., vibrational feed-
back in the deaf-mute group) to design more empathetic
human-computer interfaces [28]. At the theoretical level,
further studies are needed to integrate embodied cognition,
extended cognition, and predictive coding frameworks, as
well as the construction of a metaphor processing model at
the level of “perception-simulation-prediction” to explain
the neural mechanism of the whole process, from low-order
sensory input to higher-order semantic linkage [100].

In short, research on multimodal metaphors needs to
strengthen interdisciplinary collaboration, combining neu-
roscience, linguistics, computational modeling and techni-
cal engineering to further uncover the hierarchical coding
mechanisms of metaphors in the brain. Future research
should aim to convert theoretical achievements into prac-
tical applications for educational innovation, clinical reha-
bilitation, and human-computer collaboration, thereby truly
serving the needs of human cognition and social develop-
ment.
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