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Language is a key faculty for human communication. Across the last few decades, neuroimaging work
provided insight into the contribution of distributed areas in the brain to different language operations,
including the processing of meaning, sound, structure, and speech melody. These studies emphasize the role of
left-dominant brain regions in the frontal, temporal, and parietal cortex. Aside from this core language
network, recent work highlights the contribution of right-hemispheric regions, primary sensory areas,
subcortical and cerebellar regions, and areas that support processing across domains (e.g., working memory).
Collectively, these studies emphasize a network perspective on language processing. Such work is
complemented by electrophysiological studies that provide insight into the temporal dynamics of language
processing. Lesion and neurostimulation studies elucidate the relevance of different areas for specific
operations and demonstrate the role of intact network interactions. Studies on patients with stroke-induced
lesions provide insight into the potential of the brain to create new connections during recovery. Recent
neurostimulation approaches promise facilitatory tools to improve language function in neurological disorders,
including post-stroke language impairments. Collectively, these studies suggest that the language network is

flexible and can adapt to current needs to maintain or recover efficient processing under challenging conditions.

History

Language is one of the most important human abilities for communication and interaction. During evolution,
many animal species have developed different communication systems, some of which also include vocal
communication [see Primate Communication]. Although some species react to the alarm calls of other species,
no communication system as powerful as human language has developed in the animal kingdom outside of the
Homo genus. This raises the question of what makes human language special. A key difference to other
animals is the ability for morpho-syntactic processing, that is, the flexible combination of elementary linguistic
elements into more complex units [see Compositionality]. Humans can generate an almost infinite number of

new words and sentences from linguistic elements.

Understanding the neural architecture of language in the brain has been a goal for centuries (e.g., Hickok &
Small, 2016). Language is a complex mental operation that engages distributed brain areas resulting in fluent
production and comprehension in real time. Efficient communication via language requires rapid processing at
several levels (e.g., sound, word, phrase, or sentence) and engages sensory and motor systems as well as
memory and control processes. For example, sounds must be associated with meaningful concepts and specific

Production]. Many studies investigate how the human brain manages to do so.

Until the late 19th century, it was commonly believed that the human brain is a single unit without functional-
anatomical specialization. This view was challenged by discoveries in patients with stroke-induced brain
lesions. Paul Broca and Carl Wernicke are two renowned historical figures in the field of early language

research. Their work linked stroke-induced deficits in language production and comprehension with
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postmortem analyses of patients’ brains (see Broca, 1861; Wernicke, 1874). Broca found that lesions in the

anterior part of the left hemisphere (the inferior frontal cortex, later named Broca’s area) were associated with
impairments in language production. This observation was complemented by Wernicke’s work, relating lesions
in the posterior part of the left hemisphere (the superior temporal cortex, commonly known as Wernicke’s area)
to deficits in language comprehension. Wernicke summarized these findings in a first model on the functional
neuroanatomy of language, which was further developed by other pioneers in the field of language research,
including Lichtheim and Geschwind (see Geschwind, 1979; Lichtheim, 1885). This model is often called the

“classic” model of language organization. The main model assumptions are as follows: First, language is
predominantly organized in the left hemisphere. Secondly, the left inferior frontal cortex and posterior superior
temporal cortex are core areas for language. Third, both areas are connected via a large-scale fiber tract, the
arcuate fasciculus. Lichtheim added further areas and connections and linked specific deficits after stroke-
induced brain lesions to different areas or connections to explain the variety of stroke-induced language
impairments. Localization of language function was further refined by Geschwind, who emphasized the role of
additional (parietal) areas, which were posited to be relevant for distinct language operations, including reading

and writing.

The classic model has stimulated language research for about 150 years, although modern models of language
are more complex and highlight the role of distributed networks (see the Core Concepts section). These models
focus on different aspects of language but generally agree with the idea that language is organized in different
subnetworks in the brain, which are specialized for different operations and connected via long-range white

matter tracts, including the arcuate fasciculus and other pathways (Friederici, 2012; Saur et al., 2008).

Specialized subnetworks are thought to interact with primary sensory regions and domain-general support
areas, supporting an integrative structure that enables fluent communication via language (see Thiebaut de
Schotten & Forkel, 2022).

Early models were solely based on (postmortem) lesion studies. With the advent of noninvasive neuroimaging
techniques in the 20th century, controlled experiments in healthy participants offered new insights.
Neuroimaging studies allow the measurement of responses in the whole brain during specific (language)
operations, both in patients with brain lesions and healthy volunteers, thereby elucidating the functional
architecture of the language network. Such findings are complemented by structural neuroimaging studies,
which identify the underlying white-matter pathways. These studies have elucidated distinct language
operations, including the processing of meaning of words and sentences (semantics), sound (phonology),
grammar and hierarchical sentence structure (syntax), and speech melody and rhythm (prosody; for meta-

analyses, see Turker et al., 2023; Vigneau et al., 2006). These results have informed current models of

language, arguing for the relevance of functional interactions of distributed areas for efficient language

processing.
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Core concepts

A core distinction exists between language and speech. Language refers to the system of rules that people use
and determines what they say, how they understand language, and how they communicate. This includes
production of spoken, written, or sign language and comprehension. Note that reading can involve both
production and comprehension, depending on whether it is done silently or aloud. Another language form is
sign language [see Sign Language], which involves the use of hands, facial expressions, and body movements
for communication. In contrast, speech is a complex motor skill that requires the coordination of different
muscle groups and places high spatiotemporal demands on our speech apparatus to enable accurate, efficient

articulation. This article focuses on language.

Functional-anatomical models

Inspired by dual-stream model architectures of the visual and auditory system, popular models of language
identify two (or more) distinct processing pathways and underscore the relevance of various regions in both

hemispheres (e.g., Friederici, 2012; Hickok & Poeppel, 2004). The widely recognized dual-stream model of

language differentiates between a dorsal stream for audio-motor mapping and a ventral stream for semantic

mapping during auditory language processing (Hickok & Poeppel, 2004). This model argues that early cortical

stages of language perception involve auditory regions in the bilateral superior temporal gyrus, which then split
into a dorsal and ventral stream. The dorsal stream, specialized in phonological processing, converts sound into
articulation by linking the left temporoparietal cortex with the premotor and inferior frontal cortex. This stream
is typically engaged in tasks that require audio-motor transformation, such as speech repetition. Conversely, the
ventral stream, which maps sound onto meaning, connects areas involved in conceptual and lexical semantic
processing (left anterior temporal regions and bilateral posterior occipitotemporal cortex) and the left inferior
frontal cortex, facilitating language comprehension. These streams operate in parallel, with their involvement
varying based on the specific language task. The functional division into different processing streams is
supported by distinct anatomical fiber connections in the human brain, allowing for interactions between
different areas (Saur et al., 2008). Some models propose further subdivision that enables syntactic processing
(Eriederici, 2017).

The spatial distribution of language processing: Evidence from
neuroimaging studies

Neuroimaging studies have advanced knowledge of structure—function relationships in the language network.
Several comprehensive meta-analyses have summarized the role of different brain areas for different linguistic

functions (e.g., Hodgson et al., 2021; Turker et al., 2023; Vigneau et al., 2006). One of the first meta-analyses

on language provided insight into areas engaged in phonology, semantics, and sentence processing and
highlighted the contribution of the left frontal, temporal, and parietal cortex for these processes. Based on

differences in activation patterns, distinct parieto-temporo-frontal loops for working memory were identified
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for each of the three linguistic processes (Vigneau et al., 2006). Another meta-analysis focused on the
distinction between representation and control during semantic versus phonological processing and emphasized

different networks for either process (Hodgson et al., 2021). The largest meta-analysis to date shows that aside

from distributed cortical areas in frontal, temporal, and parietal cortices, subcortical regions (the basal ganglia

and thalamus) and the right cerebellum also contribute to different linguistic operations (Turker et al., 2023).

This study compared language comprehension and production studies for phonology, semantics, syntax, and
prosody and revealed overlap as well as specificity in brain areas. Overall, the results emphasize that domain-
specific language areas, as well as sensory motor areas and domain-general control regions, contribute to

language.

The temporal dynamics of language processing: Evidence from
electrophysiological studies

Functional neuroimaging studies are complemented by electrophysiological studies using
electroencephalography and magnetoencephalography that elucidate the temporal dynamics of language
processing. These studies have identified distinct event-related potentials associated with specific language
operations. For example, the N400, a negativity that occurs approximately 400 ms after the stimulus, is

associated with the processing of unexpected words or semantic violations (Kutas & Hillyard, 1980), such as in

the sentence “I drink my coffee with milk and soap.” The N400 can also be observed at the word level, for
example, when a picture of a dog is paired with the auditorily presented word “cat.” Similarly, certain event-
related potentials are associated with sentence formation, such as an early left anterior negativity and late
positivity around 600 ms following violations of sentence structure (Hahne & Friederici, 1999; Osterhout &
Holcomb, 1992).

Since then, studies have investigated if distinct oscillatory patterns during language processing can be linked to
particular operations, such as syntactic structure building and semantic processing (Meyer, 2018). Although
oscillatory patterns are certainly not domain- or even language-specific, linking oscillatory patterns to speech
or language functions provides insight into temporal aspects of comprehension and production. Accordingly,
neural oscillations seem to subserve the segmentation and identification of discrete phonological units across a
range of oscillatory bands at different time scales, with the operation frequency of these bands corresponding to
the frequency of phonological units in the acoustic system. For example, delta-band synchronization may help

segmentation or identification of intonation phrases, thereby aiding speech comprehension (Giraud & Poeppel,_

2012). Moreover, neural oscillations also subserve higher-level linguistic processing during language
comprehension, including prediction and interpretation of upcoming words. Accordingly, delta-band neural

oscillations have been assigned a role in grouping words into phrases (Ding et al., 2016). Different frequency

bands may form hierarchical relationships, enabling efficient bottom-up (stimulus-based) and top-down

(expectation-based) processing during speech and language comprehension.



MIT Press - Open Encyclopedia of Cognitive Science Neuroscience of Language

The functional relevance of key areas for language: Evidence from lesion
mapping

Brain lesions such as stroke can severely impair language function and often cause aphasia, a disorder that
affects communication. The results of lesion studies contribute essentially to knowledge about the functional
neuroanatomy of language. Numerous studies use voxel-based lesion behavior mapping (VLBM; sometimes
also called voxel-based lesion symptom mapping) techniques to explain language impairment based on specific

lesion patterns in patients with stroke (Karnath et al., 2019). This approach aims to identify which brain regions

are critical for a particular function. VLBM studies are usually performed in the chronic phase after stroke (i.e.,
at least 6-12 months after stroke) when early mechanisms of network disruption and resolution are completed.
VLBM studies provide insight into structure—function relationships for language and can explain aphasic
symptoms, syndromes, or clusters of behavioral scores. However, the interpretation of the relationship between
brain structure and function can be complicated due to reorganization processes. If the brain compensates for
impaired functions by engaging other areas more strongly, one might underestimate the relevance of the
damaged area for certain brain functions. Moreover, some studies suggest that chronic impairments after stroke

are best explained by a wider disruption of neural function than observable with structural neuroimaging alone

(Thompson et al., 2017). Consequently, newer approaches use connectome-based lesion behavior mapping to
associate specific deficits with functional or structural network disorders (e.g., Bonilha et al., 2017). This
allows linking the deficit to dysfunctional remote regions (that is, connected areas) or white matter

disconnection, even if the region itself is not affected by the stroke.

The functional relevance of key areas for language: Evidence from
neurostimulation

Noninvasive brain stimulation (NIBS) is a powerful tool to modulate cognitive functions. Across the last few
decades, different NIBS approaches have been increasingly used to modulate language functions. The two
most widely used approaches in the study of language are transcranial magnetic stimulation (TMS) and
transcranial electrical stimulation (TES), with the latter summarizing transcranial direct current stimulation

(TDCS) and transcranial alternating current stimulation (TACS).

TMS was initially developed in the motor system (Barker et al., 1985) and has been applied in various clinical

and research settings. TMS is based on the principle of electromagnetic induction. A brief electric current
produces a strong time-varying magnetic field in the TMS coil, which induces an electric current flow in the
stimulated tissue under the coil (Hallett, 2000). When applied over the primary motor cortex, single TMS
pulses can depolarize corticospinal tract neurons and evoke contralateral hand muscle movements, with the
size of such motor-evoked potentials reflecting the excitability of the corticospinal system. Aside from single
pulse protocols, TMS can be applied as double pulses, short bursts, or pulse series with different frequencies.
Depending on the research question at hand, TMS can be given before a task, during a task, or after a task, with

the latter approach modulating consolidation processes during learning. The aftereffect of some protocols can
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outlast the stimulation duration for periods ranging from several minutes to 1 hr by inducing neuroplasticity in
the targeted circuits. Repeated application of such plasticity-inducing protocols is used in clinical settings, for
example, to support aphasia recovery after stroke (see the Stimulating Plasticity in the Language Network
section). Depending on the timing and the frequency of stimulation, TMS protocols can either result in
excitation or inhibition, resulting in behavioral improvement or impairment, but the direction of the effect is
often hard to predict outside the motor system. Moreover, applying single pulses or short bursts of TMS can
provide insight into the time course of language processing, via an approach referred to as mental chronometry.
Chronometric stimulation approaches are particularly interesting for studying language beyond the single word
level. For example, such approaches can provide insight into the relevance of distinct areas across the time

course of sentence processing.

In contrast to TMS, during TES, an electric current is applied to the brain via two (or more) scalp electrodes, a
positively charged anode and a negatively charged cathode. Although dating back to the 18th century and
psychiatric research, TES was revived for basic research in the human motor system only in the 2000s (Nitsche
& Paulus, 2000). During TDCS, the direction of current flow remains constant. The terms anodal and cathodal
TDCS describe setups where the anode or cathode, respectively, is placed over the target area, while the other
electrode is positioned over a region not believed to be involved in the task. In contrast, during TACS, the
current flow changes rhythmically between the two electrodes, which is assumed to entrain ongoing rhythmic
neural activity (Herrmann et al., 2013). Although entrainment only occurs during stimulation, effects on neural

oscillations can persist beyond the stimulation period, potentially due to plasticity effects (Vossen et al., 2015).

Although NIBS approaches are powerful tools to modulate language function, it should be borne in mind that
with both TMS and TES, only cortical areas at the surface can be stimulated directly, as the induced electric
field decreases with increasing distance from the stimulation coil or electrodes. Deep brain structures can only

be targeted indirectly via connections.

Most NIBS studies aim to perturb selected language areas with (presumably) inhibitory protocols to probe their
functional relevance for a specific language task. Complementing studies in patients with brain lesions, these

studies follow the so-called virtual lesion approach (Pascual-Leone et al., 1999), arguing that disruption of

specific language operations during or after perturbation of a target region demonstrates the causal relevance of
that region for the disrupted operation. If the targeted area is causally relevant for the task, then perturbation of
this region should result in a measurable change in behavior. Virtual lesion studies mainly use TMS. Relative
to the study of patients with structural brain lesions, perturbing the brain with NIBS has the advantage that the
perturbation is focal (approximately 0.5-2 cm resolution) and transient (short-lasting). Moreover, the
immediate impact of NIBS is not confounded by recovery processes, allowing for a direct mapping of
structure—function relationships. Finally, NIBS can be applied in healthy participants, enabling well-controlled
within-subject designs. Notably, the impact of a transient, focal perturbation is not comparable to a brain lesion

and NIBS studies often result in subtle effects or null results. Nevertheless, this approach has made significant
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contributions to language research and elucidated the role of many language areas for distinct linguistic
operations. TMS studies helped to distinguish the functional relevance of different areas across the time course
of language production and revealed functional-anatomical specializations of areas for different language
operations. For example, NIBS studies provided insight into functional-anatomical dissociations in the left
inferior frontal and inferior parietal cortex for language comprehension and the role of different frontal and

temporal cortex during language production (for review, see Hartwigsen, 2015).

Importantly, aside from perturbing language functions, some NIBS protocols also improve specific language
operations, which is particularly interesting for therapeutic applications during stroke rehabilitation (see the
Stimulating Plasticity in the Language Network section). For example, anodal TDCS has been demonstrated to

improve associative word learning or verbal fluency in healthy volunteers (e.g., Meinzer et al., 2014).

Although NIBS studies have made significant contributions to language research, the modulatory effects of
different protocols are more complex than often assumed and depend on the interactions of numerous internal
factors (such as the individual brain state, hormonal and genetic factors, baseline performance, age, or training
effects) and external factors (such as stimulation protocol, frequency, and intensity) that are usually ignored.
The complex interaction between factors often results in unexpected effects and strong interindividual

variability in NIBS studies across participants.

Plasticity in the language network: Language recovery after brain lesions

Stroke-induced language impairments (aphasia) are the consequence of tissue damage and associated decreases
in blood flow resulting in network dysfunction. However, the brain has a remarkable potential for
reorganization and recovery. This potential is likely driven by a high degree of neuroplasticity in the language
network and beyond. Functional neuroimaging is an ideal tool to map changing patterns of language activation

in response to stroke-induced brain lesions across the time course of language recovery at the systems level.

The few longitudinal neuroimaging studies on language recovery after stroke usually distinguish between an
early, acute phase (first days after stroke), a subacute phase (first weeks to months), and a chronic phase (from

6 or 12 months onward; Saur et al., 2006; Stockert et al., 2020). An important mechanism that contributes to

sudden and impressive improvements in the early acute phase is the reperfusion of the ischemic penumbra.

This means that brain tissue neighboring the lesion that initially showed critical decreases in blood flow after

stroke regains its functionality through restoration of blood flow (Hillis et al., 2006). A first longitudinal
neuroimaging study on language recovery after stroke investigated the mechanisms of spontaneous recovery
from the acute to chronic phase (Saur et al., 2006). Relative to healthy controls, people with aphasia showed
overall reduced activation during language perception in the acute phase after stroke. The overall reduction of
activity likely reflected global network dysfunction, which can affect both the lesioned area and functionally or
anatomically connected regions. In the subacute phase after stroke, people with aphasia showed bilateral
increases in language activation, with a peak in the right frontal cortex. The upregulation of these areas may

indicate that preserved parts of the language network regain their function. Stronger activity increases in right
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frontal areas may also reflect compensation of dysfunction via recruitment of domain-general frontal areas

(Brownsett et al., 2014). Importantly, domain-general areas for cognitive support functions like attention,

cognitive control, or working memory [see Attention, Working Memory] are known to contribute to language

processing when cognitive load increases, for example, in dual-task designs when a participant needs to focus

on several cognitive operations simultaneously (Worringer et al., 2019).

Finally, in the chronic phase after stroke, people with aphasia showed a normalization of activity, that is, more
left-lateralized activation that resembled the pattern in healthy control participants more closely. Such
normalization of activity supports the idea that favorable long-term recovery might be related to a reshift

toward perilesional language areas (areas around the lesion) in the left hemisphere (Heiss & Thiel, 2006).

Importantly, increased activity in right-hemispheric areas in the subacute phase and later normalization of
activity to the language-dominant left hemisphere was associated with better language recovery, providing
insight into the behavioral relevance of dynamic reorganization patterns (Saur et al., 2006; Stockert et al.,_
2020).

Aside from functional changes, structural plasticity of the underlying gray matter is also associated with better
recovery. For example, increases of the gray matter in the right temporal cortex have been demonstrated to be

correlated with language improvements (Hope et al., 2017).

Other studies have used resting-state functional neuroimaging to identify network dynamics after stroke. A
large study identified a general network phenotype of stroke injury that explained the impact of stroke across
different cognitive and motor domains and predicted behavioral deficits (Siegel et al., 2016). In that study, a
unique observation was that language-related impairments depended on decreased interhemispheric
interactions as well as decreased intrahemispheric interactions in the left hemisphere, supporting the notion of

aphasia as a network disorder.

Another line of research focuses on outcome prediction, which is highly relevant for therapeutic purposes.
Aside from the initial severity of the language deficit, age, and lesion size, language activation in the subacute
phase also contributes to predicting language recovery after stroke (Saur et al., 2010). Other studies suggest
that anatomical connections of large fiber tracts, such as the arcuate fascicle that connects different language-

related areas, further contribute to predicting language recovery after stroke (Forkel et al., 2014).

Stimulating plasticity in the language network: Evidence from
neurostimulation

Studies have examined treatment-induced plasticity following speech and language therapy (e.g., for an

overview, see Crinion & Leff, 2015). Most studies administered therapy during the chronic phase after stroke

because treatment-related improvements in the early phases can interact with spontaneous recovery effects.
Studies show that language recovery can significantly improve even several years after a stroke (Breitenstein et

al., 2017). However, the precise role of specific brain areas in both hemispheres remains unclear, as some
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studies have associated positive treatment effects with increased activity in either the left or right hemisphere,
whereas other studies have linked language improvement to increased activity in bilateral regions or decreased

activity in right hemisphere regions (see Hartwigsen & Saur, 2019). The heterogeneity of results may best be

explained by differences in the lesion size and location, aphasia type, the language process under study, task
difficulty, and the nature and intensity of the treatment. Indeed, it was demonstrated that individual

reorganization profiles during aphasia recovery strongly depend on the lesion pattern.

Other studies found increased activity in bilateral areas before language therapy that was taken to reflect efforts
to compensate for the disruption (e.g., Abel et al., 2015). Therapy-induced improvements were associated with
a decrease in functional activity in language regions and domain-general areas, which can be attributed to
increased processing efficiency (less effortful processing). The interplay between ipsilesional (areas in the
same hemisphere as the lesion) and contralesional regions (areas in the opposite hemisphere) highlights that
reorganization is a dynamic process, with changes in the contribution of language-related and domain-general
areas occurring during different phases of recovery. To assess the behavioral relevance for recovery, it is
important to link changes in activity or interactions between areas or larger networks across the time course of
recovery with behavioral improvements. However, it should be noted that not all patients experience

behavioral improvement following therapy.

More and more studies have explored the potential of noninvasive brain stimulation to support language

recovery after stroke (e.g., Hartwigsen & Saur, 2019). In general, results look promising, but effects of
therapeutic NIBS approaches in the field of aphasia recovery are still small, and there are no general

recommendations when to use which specific protocol yet (for details, see Hartwigsen & Saur, 2019; Harvey &

Hamilton, 2022). Most previous studies focused on the chronic phase after stroke when spontaneous recovery
should be complete. Some studies also applied neurostimulation in the (late) subacute phase. In contrast, there

are currently no neurostimulation studies on aphasia recovery in the acute phase.

In general, these studies suggest that it is most promising to combine neurostimulation with language therapy
(rather than replace language therapy by neurostimulation) to support aphasia recovery. The exact protocol and
approach may need to change over time. The early (acute) phase after stroke is usually characterized as

network disorder (Stockert et al., 2020) with massively decreased activity and potentially also connectivity in

the language network. Early recruitment of domain-general and homologous language areas in the right
prefrontal cortex seems to be associated with good recovery. Consequently, facilitation of these areas in the late
acute or early subacute phase is promising. Potential candidate areas include the right prefrontal cortex and

midline structures (the supplementary motor area; see Hartwigsen & Saur, 2019; Stockert et al., 2020). In

contrast, persisting activity in right prefrontal areas in the later phase of recovery (late subacute or chronic
phase) may rather reflect failure to recover and is sometimes called maladaptive plasticity. Consequently,
inhibition of the right prefrontal cortex in the (late) subacute phase by inhibitory TMS was associated with

better language performance after stroke (Zumbansen et al., 2022). Later inhibition of right hemispheric areas

10
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may be combined with facilitation of perilesional language areas in the left hemisphere (e.g., Khedr et al.,_
2014) to support the reshift of activity to the language-dominant hemisphere. Perilesional facilitation is

associated with good recovery (e.g., Hartwigsen & Saur, 2019). Finally, some studies show that stimulation of

areas outside the language network may support language recovery. Aside from domain-general control
regions, promising candidate regions for facilitatory stimulation are the primary motor cortex and the
cerebellum, which have dense interactions and connections with the language network (Meinzer et al., 2016;
Turkeltaub et al., 2016).

Questions, controversies, and new developments

With the advent of modern noninvasive techniques to study and modulate brain function, knowledge about the
neuroscience of language has greatly improved. Despite great progress, several questions remain open. For
example, no functional-anatomical model of language fully captures all linguistic processes or includes both
comprehension and production, as well as visual and auditory language processing. Particularly little is known
about the neural correlates of pragmatic processing, that is, how language is used in social interactions, how
context contributes to meaning, and what types of speech acts a speaker employs since the number of

neuroimaging studies on pragmatic processing is still scarce.

The (dynamic) role of brain regions beyond the core language network for language function and recovery
after stroke is also unclear. Multifocal stimulation of several nodes within the language network or within the
language and domain-general networks is promising to further deepen knowledge about the relevance of such
interactions and establish novel tools for treatment of network disorders, including post-stroke aphasia or

developmental disorders such as dyslexia (impaired reading and writing).

Another promising avenue is the use of novel neurostimulation techniques that are currently being established
for application in the human brain, including transcranial ultrasound and temporal interference stimulation.

Such approaches are particularly promising for reaching deep brain structures noninvasively.

Other approaches include the combination of different techniques that allow multimodal assessment of
language functions. For example, the concurrent combination of NIBS and functional neuroimaging or
electroencephalography offers exciting possibilities to study network interactions and dynamics and understand

how the language network responds to focal perturbations or facilitatory effects.

Broader connections

Language is a core faculty of human communication that does not work in isolation. Efficient language
processing requires the interaction of numerous cognitive domains, including cognitive control, working
memory, and attention. Future research will benefit from studying the complex interactions between these
domains and addressing general and unique processing principles to better understand human cognition. This

includes investigating shared mechanisms of network interactions and adaptation principles in response to

1
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neurostimulation and brain lesions. Some mechanisms of adaptation to brain lesions, such as the recruitment of
premotor areas during recovery, may be shared across the language and motor domain, and identifying such
similarities and core principles may help to increase overall knowledge of brain functions and adaptation at the

systems level.

Notably, in the era of personalized medicine, a promising avenue would be to consider individual lesion and
impairment profiles to establish individualized stimulation and therapy approaches during language recovery

after stroke.

Finally, the potential of large language models to successfully predict brain responses to language has recently

been demonstrated (e.g., Tuckute et al., 2024) [see Large Language Models]. Exciting future avenues include

the use of such models to predict responses to neurostimulation and brain lesions to better understand the
relevance of specific circuits for language and their interaction with domain-general networks. Likewise, large

language models may also prove helpful to understand changes in brain dynamics after language therapy.
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