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A. INTRODUCTION

Humans are the only animals known to be capable of complex language. It has long been

a quest of cognitive neuroscience to understand how our brains are uniquely capable of the
hierarchical pattern processing and advanced rule learning required for language. In fact,

the ability to learn language is innate to the human brain: infants demonstrate the ability to
detect complex patterns in speech and automatically generate implicit rules to reliably detect
and produce these patterns in the future. The ability to learn certain aspects of language,
however, is limited after early childhood. This sensitive period for language learning

makes it an important model system for the study of developmental plasticity in children.
Unlike many other neural systems, language is strongly lateralized to one hemisphere—the
left hemisphere in the overwhelming majority of neurotypical adults. Although language
was once thought to rely only on a few discrete regions of the left cerebral cortex, we

now understand that it is actually performed by an extensive network of left-lateralized
cortical and subcortical structures (Friederici, 2017; Price, 2012). Language serves as a
model system for lateralized cognitive functions more broadly, one that is perhaps better
understood than others in terms of its development and neural basis. Thus, understanding
how the language system develops, and how it can reorganize in the face of brain injury or
dysfunction, could help us to understand brain plasticity in cognitive networks more broadly.

It is also clinically important that we understand the plasticity available to language network
organization. Even in typical development, there is variability in language proficiency that
may relate to differences in the onset and duration of critical windows for early developing
language abilities. In the presence of neural injury or disorder in development, such as

early stroke or epilepsy, language outcomes are even more complicated. Many children with
early brain dysfunction achieve good language abilities as adults, although their language
networks may organize differently than typically developing children. It is important that we
understand what factors relate to the resilience of language when it still develops adequately
in these cases, so that we can identify children at risk for poor language outcomes and
develop new treatments for them. In adults, in whom chronic debilitating aphasia is a
common result of left hemisphere brain injury, understanding the plasticity available to
support recovery is perhaps even more important. To develop effective treatments for
aphasia and related communication disorders, we need to better understand the organization
of language processing in the brain when it is functioning successfully, and the plasticity that
relates to better and worse outcomes after injury.
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In this chapter we will discuss the language network features that are present in infants (and
even in utero), and how deviations in typical development of the language network can lead
to disordered language. We will also discuss the potential for atypical organization of the
language network when the developing brain is impacted by stroke or epilepsy. We will then
give an overview of findings from adult stroke and aphasia research, which has focused on
the potential for recovering language processing in both the remaining left hemisphere tissue
and in the non-dominant right hemisphere. Recent work in this field has leveraged modern
neuroimaging methods to improve our mapping of where damage in the language network
produces particular language deficits. Altogether, we hope to present a clear picture of what
is known about the capacity for plastic change in the neurobiology of the human language
system.

B. DEVELOPMENTAL PLASTICITY OF LANGUAGE

The plasticity that drives the development of the language system is important to consider
when we try to interpret differences in the organization of language between healthy
individuals and those with disordered or atypical organization. It is also central to our ability
to understand how the system changes after neural injury and in recovery. This section
discusses the developmental critical period when language exposure shapes the neural
language network, and the development of left hemisphere dominance (lateralization).

Developmental Critical Period

Humans are born with the ability to learn language, much like we are born with the ability
to learn how to walk. For the brain to develop language-readiness, it is believed that there
are consistent milestones in structural development that must occur. For example, Eric
Lenneberg posited that certain “maturational indices of the brain,” such as cortical density
and white matter myelination, must reach at least 65% maturity for language acquisition to
begin (Lenneberg, 1969). The concept of a “critical period” for the neurological scaffolding
to be in place to develop a function is not specific to language development. In general,
critical or sensitive periods are defined by biological constraints that impose a lower bound
for how early in development a function can begin developing, and an upper bound for how
late in development a function can develop completely (Hensch, 2005).

There are clear advantages to having a window of time early in development when the brain
can receive input from the environment that will rapidly shape how it processes information.
It takes immense cellular resources to reconfigure neural circuits, so it is prudent to establish
a framework early that is as specific as possible to the most important information, with
some flexibility after this phase for new information to make minor changes (Werker &
Hensch, 2015). In some sensory systems, there is an important early window during which
experience must tune the response profiles of the various neuronal populations involved in
perception (Hubel & Wiesel, 1964; Wiesel & Hubel, 1965). In the language system, there

is also a developmental window during which linguistic input is essential for successful
development. The most extreme examples are the rare cases of “wild children,” who, due

to tragic circumstances, were raised with close to no exposure to language (e.g., news
coverage of Genie: James, 2008). Even when they are rescued as children, these individuals
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do not develop full language abilities (Curtiss, 2014). These cases are critical evidence

that linguistic input is required early in life for the development of a functioning language
system, analogous to visual input being required for the development of a complete visual
system. Another clarifying example is when people who immigrate to a new country at
different ages attempt to learn a second language. When the amount of experience with the
new language is held constant, there is an advantage to being younger than 8 years old for
acquiring the second language to proficiency (Johnson & Newport, 1989). In summary, there
is an early window for acquiring the necessary foundation for language processing, and a
delayed but still early window for acquiring new languages completely.

Phonology (processing the fundamental perceptual units of language, such as phoneme or
syllable sounds, and their allowable combinations in speech) has an early critical period that
is believed to begin in utero and starts to close after 10-12 months of life (Werker & Hensch,
2015; Werker & Tees, 1984, 2005). In some cases, experience during the critical period
provides input that creates and then sharpens perceptual sensitivities. In the case of phoneme
discrimination, it has been shown that a full range of representations for phonemes exists at
birth, and then through specific listening experience, the native language phoneme classes
are maintained and sharpened while unused, non-native classes are weakened (Maurer &
Werker, 2014). Werker and Tees (1984) demonstrated that English-learning infants can
discriminate Hindi “d” sounds not used in English, but only until 10-12 months, when the
critical period for phonology gradually closes (Werker & Tees, 1984). Around this age, the
child has accumulated enough specific listening experience to sharpen the phonological
representations of their native language through a process called perceptual narrowing
(Maurer & Werker, 2014). Interestingly, if specific listening experience begins earlier than
normal—such as in the case of infants born prematurely—it does not shift the closure of
the critical period to be earlier than what would be estimated from the full-term due date
(Pefia et al., 2010). This is because the onset, duration, and closure of the critical period

are determined both by environmental input and by the maturation of key biological players
(inhibitory parvalbumin cells in particular; Werker & Hensch, 2015). Thus, a framework
for phonology is established early to process the most important information in the child’s
linguistic environment. Successful development of a phonological system appears to be

the necessary first step in acquiring complete language abilities; the age of acquisition for
phonology is correlated with language proficiency later in life (Jansson-Verkasalo et al.,
2010; Newport et al., 2001).

Because the developing auditory system is thought to undergo perceptual narrowing that
sharpens representations for native language phonemes, it is interesting to consider how
these representations change if the individual stops receiving native language input and
starts receiving input from a different language. This situation can arise when an infant is
adopted from one country to another. Some evidence suggests that even if the individual
loses ongoing interaction with the native language, their native phonological representations
may remain intact. Korean infants adopted by American families before 1 year of age who
go on to take 3 years of Korean in college are better at discriminating Korean consonants
than native-English students with the same college-level training (Oh et al., 2010). Related
findings from animal work suggest that maps that are established early have a signature or
‘enduring trace’ that can be reanimated later when the same initial conditions are reinstated
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(Knudsen, 1998: auditory system in barn owls; Hofer et al., 2006: visual system in mice).
Other evidence suggests that the phonological representations for the native language are
plastically altered and can undergo ‘first-language attrition’ if the individual stops receiving
native language input and acquires a second language (Costa & Sebastian-Gallés, 2014).
Korean infants adopted to French families in isolated villages do not discriminate Korean
speech sounds better than their native French-speaking peers (Ventureyra et al., 2004).
Pallier and colleagues (2003) measured fMRI activation while Korean children adopted

by French families and native French speakers listened to speech stimuli from various
languages. They found that brain activation in the Korean adoptees was no different for
Korean stimuli as any other unknown foreign stimuli. French stimuli evoked activation
patterns that were similar in Korean adoptees and native French speakers, however, the
activation was stronger in native speakers (Pallier et al., 2003). Linguistic input from the
infant’s environment shapes their phonological representations, but these representations can
continue to be plastically modified early in life if the input is dramatically altered. It is
inconclusive to what extent the native phonological representations are still readily available
in these cases for reacquiring the native language in adulthood.

In other situations, an infant may be exposed to two languages simultaneously and to

the same extent, such as in bilingual households. Bilingual infants tested on phoneme
discrimination paradigms demonstrate perceptual narrowing to both native languages by
10-12 months (Spanish and Catalan: Albareda-Castellot et al., 2011; French and English:
Burns et al., 2007; Sundara et al., 2008; for a review: Costa & Sebastian-Gallés, 2014).

It is impressive that bilingual infants can simultaneously acquire two sets of phonemes

in the same span of time that monolingual infants learn one, because they likely receive

less input from each language than in an environment where one language is spoken
exclusively (Costa & Sebastian-Gallés, 2014). The neural plasticity involved in tuning
phonological representations for multiple native languages is not well understood (see Hohle
et al., 2020 for a recent review). In contrast to the previously discussed cases involving
“first-language attrition’ after adoption to a new country, the ongoing simultaneous input
from two languages in bilingual households shapes phonological representations that can be
readily used for either language. It is not known whether the two native languages leverage
the same phonological representations that are perhaps more broadly tuned than they are

in monolinguals, or if separate phonological representations become tuned for each native
language separately (Costa & Sebastian-Gallés, 2014).

We know that phonological representations are tuned in the first year of life as a result of
specific listening experience to linguistic information. What happens when a child is born
deaf? It is a clinical concern whether the plasticity available to the phonological system is
sufficient for a congenitally deaf child to acquire spoken language if they opt to receive

a cochlear implant. When a child is born deaf, ‘residual plasticity’ in the auditory system
outside of the early critical window makes it possible for speech representations to develop
when a cochlear implant is introduced later (Kral et al., 2019; Kral & Sharma, 2012).
There have been similar findings in the sensory-deprived developing visual system (e.g.,
delayed critical period onset in visual cortex after dark-rearing; Hensch, 2005; Mower,
1991). However, there is still a limited window of time for optimal speech acquisition
through a cochlear implant. In congenitally deaf infants, the critical period for acquiring
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the phonology of a spoken language through a cochlear implant may close around 12-14
months (Houston et al., 2012). When deaf infants who received a cochlear implant within
this window (7-15 months) are compared to hearing infants on a spoken word learning task,
they perform similarly. Deaf infants who received a cochlear implant later (16—-25 months)
perform worse (Houston et al., 2001, 2012). It is generally accepted that congenitally deaf
children who receive cochlear implants in the first few years of life can typically develop
normal spoken language, but after around 3.5 years, the outcomes are more variable (Kral et
al., 2019; Kral & Sharma, 2012).

Not everyone who is born deaf decides to receive a cochlear implant, and it has been
shown that when congenitally deaf individuals acquire sign language, it follows the
same developmental trajectory as spoken language acquisition (Newport & Meier, 1985).
Indeed, the critical period for language acquisition is not exclusively for spoken language.
This point is clearly observed when congenitally deaf children who are exposed to sign
language from their deaf parents at the start of life are compared to congenitally deaf
children who are born to hearing parents and do not receive consistent sign language
input for years. Deaf children with earlier exposure to sign language outperform their
later-learning counterparts on language proficiency measures (e.g., copying stories and
answering comprehension questions, verbal working memory, grammatical morphology;
Mayberry, 1998; Newport, 1990). Again, we see that a framework is established early

to process the most important information in the child’s linguistic environment—in this
case, sign language. The perceptual narrowing of sign language representations follows
the same maturational timeline of perceptual narrowing in spoken language phonology
(Krentz & Corina, 2008; Palmer et al., 2012). This evidence supports the conclusion that
there is a critical period for language development that requires linguistic input but not
necessarily auditory linguistic input; neural representations for sign language follow the
same developmental trajectory as spoken language.

In fact, the linguistic structures learned by young children may scaffold later learning of
languages, even when the original language and the new language utilize different sensory
and motor modalities. When a child is born hearing and acquires spoken language, and
then loses hearing during childhood (e.g., due to meningitis) and acquires sign language,
there is an interesting and perhaps surprising phenomenon whereby their spoken language
representations facilitate sign language acquisition. These initially hearing, late-learning
signers tend to outperform congenitally deaf children who learn sign language around

the same age as their first language (Mayberry, 1998). This finding further supports the
importance of early language exposure to the complete development of the language system,
and demonstrates that some of what is learned early about the structure of language is
independent of sensory modality.

In summary, there is a biologically constrained window (a critical period) very early in
development during which the brain can acquire language if provided linguistic input,
and complete, early acquisition of a phonological system seems to be key for language
proficiency. We have focused on phonology here because its development is more
thoroughly understood and may be foundational to the successful development of other
language processes, but similar principles apply to syntax and morphology as well.
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Development of Left Hemisphere Dominance (Lateralization)

One feature of language system organization that sets it apart from many other systems,
including motor and sensory, is its strong lateralization to the left hemisphere in the majority
of adults (Knecht, Dréger, et al., 2000). Language is left-lateralized in 92-96% of right
handers (Knecht, Deppe, et al., 2000; Knecht, Drager, et al., 2000) and 73-78% of left
handers (Knecht, Dréger, et al., 2000; Szaflarski et al., 2002). Language also appears to be
dominantly processed in the left hemisphere regardless of whether it is spoken or signed
(MacSweeney et al., 2008; Newman et al., 2015; Petitto et al., 2000). In fact, the left
hemisphere may have a structural advantage for language network development even before
birth (e.g., a larger planum temporal: Dubois et al., 2008; Habas et al., 2011; Kasprian et al.,
2010; Kivilevitch et al., 2010; Zhang et al., 2011).

While there may be hemispheric asymmetries at birth that bias left hemisphere dominance
for language processing, lateralization strengthens over the course of brain and cognitive
development. Eric Lenneberg argued that both hemispheres may be viable for language
processing early in life (Lenneberg, 1969). He based his theory of “equipotentiality”

on case studies of developmental unilateral brain injuries, in which language developed
successfully regardless of which hemisphere was affected, as long as the event occurred
early in development. Young children are also able to use their right hemisphere for
language processing when the left hemisphere is anesthetized (“Wada test”; Rasmussen &
Milner, 1977; Wada & Rasmussen, 1960). Recently, Olulade and colleagues (2020) showed
using fMRI that the right hemisphere homologues of left hemisphere language regions are
active during language processing in young children (4-7 years old), but right hemisphere
activation is nearly absent in adults (Olulade et al., 2020). Another recent fMRI study in
young children and adults demonstrated that language lateralization to the left hemisphere
stabilizes around age 10, first in the temporal and then frontal language regions (Berl, Mayo,
et al., 2014). Focality of activation during language processing may also increase over
development (e.g., Durston et al., 2006, but also see response by Brown et al., 2006).

Although developmental changes in lateralization of language networks may occur partly as
a consequence of brain maturation, some changes in lateralization are driven by language
experience. One interesting example is pitch processing: pitch processing is typically right-
lateralized, but becomes left-lateralized in native tonal language speakers (Chinese and Thai:
Xu et al., 2006; English and Thai: Gandour et al., 2002). Thus, when pitch carries necessary
linguistic information it is processed in the left hemisphere, but when it carries non-essential
contextual information such as speaker gender or emotion, as it is used by speakers of
non-tonal languages, it is processed in the right hemisphere.

Typical lateralization also seems to require linguistic input during the critical period for
language acquisition: if language learning happens outside of the critical period, cerebral
asymmetry may not be fully established (Locke, 1997). Mayberry and colleagues have
studied a rare sample of congenitally deaf individuals who could not learn spoken language
and did not learn sign language during early childhood. These individuals went on to

have poor language abilities as adults. Their activation during language processing is more
bilateral and diffuse, and includes visual areas in addition to typical language processors
(Mayberry et al., 2018).
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Atypical language lateralization (bilateral or right-lateralized) may relate to developmental
language impairments, but this idea is largely based on evidence showing the co-occurrence
of these factors rather than a mechanistic relationship. The prevalence of atypical
lateralization is approximately twice as high in those who score the lowest on language
assessments compared to the population (Bishop, 2013). Studies investigating the genetic
relationship between cerebral asymmetry and language impairment have identified a number
of candidate genes (FOXP2, ATP2C2, CMIP, CNTNAP2, DCDC2, DY X1, KIAA0319,
MRPL19/C20RF3) but the relationships are complex and likely polygenetic (Darki et

al., 2012; Graham & Fisher, 2013; Newbury & Monaco, 2010; Ocklenburg et al., 2014).
Reduced asymmetry in the size of the planum temporale has been associated with dyslexia,
but this relationship depends on how dyslexia and symmetry are classified (Eckert &
Leonard, 2000; Leonard et al., 2002) and this structural asymmetry does not directly
correlate with lateralization of language functions (Bishop, 2013; Dorsaint-Pierre et al.,
2006; Keller et al., 2010). Reduced laterality has been observed in adults with developmental
language disorder and dyslexia (Badcock et al., 2012; de Guibert et al., 2011; lllingworth
& Bishop, 2009; Krishnan et al., 2016; Sun et al., 2010; Whitehouse & Bishop, 2008),
which has for example been measured during fMRI word generation tasks that produce
robust left hemisphere activation in neurotypical adults. Poor phonological skills are also
associated with more diffuse and bilateral processing of speech sounds in children (Bishop
et al., 2012). There may be a relationship between atypical lateralization of language and
language impairments, but there is no conclusive evidence that atypical lateralization drives
this outcome.

In addition, left-lateralization of language is not consistently correlated with better language
performance in healthy individuals. In children, vocabulary scores have been found to
correlate with lateralization of the arcuate fasciculus as measured with diffusion tensor
imaging (Lebel & Beaulieu, 2009) and hemispheric asymmetry of blood flow velocity

with functional transcranial Doppler sonography (fFTCD; Groen et al., 2012). However,

this relationship has not been observed in adults, and in fact some children in these

studies were right-lateralized for language and had above-average vocabulary scores. There
is overwhelming evidence that language is left-lateralized, but the significance of this
organization remains a mystery.

Visual attention is another cognitive function that tends to be lateralized in neurotypical
adults, but to the right hemisphere (Cai et al., 2013). One common question about
lateralization of cognitive functions is whether language and visual attention always
segregate into opposite hemispheres. There is no evidence that the strength of language
lateralization determines the strength of visuospatial lateralization (Cai et al., 2013).
Laterality of activation in language tasks does not appear to correlate with laterality of
visuospatial processing (Badzakova-Trajkov et al., 2010; A Fldel et al., 2005; Groen et
al., 2012; Rosch et al., 2012; Whitehouse & Bishop, 2009). After a focal brain lesion,
language and visuospatial functions can share the same hemisphere (Bryden et al., 1983).
This is perhaps unsurprising because in the small proportion of healthy, typically developing
individuals who have right hemisphere language dominance, language and visuospatial
function can share the same hemisphere (Fl6el et al., 2001). In these rare cases where
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language is right-lateralized, a unilateral lesion can produce both aphasia and spatial neglect
(De Witte et al., 2008).

In summary, we begin life with a brain that is innately slightly asymmetrical and has a
leftward bias for linguistic information. As our learning systems and language abilities
mature, left hemisphere dominance for language processing strengthens, partly through a
reduction in use of the right hemisphere for language, and the engagement of specific
regions becomes more focused and less diffuse. However, strong lateralization may not be
required for normal language development. Atypical lateralization may sometimes lead to
normal language outcomes, but it may in some cases play a role, albeit undetermined, in
developmental language impairments (Bishop, 2013).

C. LANGUAGE PLASTICITY AFTER DEVELOPMENTAL BRAIN INJURY

Plasticity after brain injury or dysfunction in the language network plays out differently
depending on the age of the individual and the nature of their injury. It is generally accepted
that injury-induced plasticity has a monotonic relationship with age, which relates to the
critical period plasticity processes discussed previously: the younger a person is, the more
flexibility the brain has to remap processes onto alternative brain structures. The relationship
between the nature of the neural injury and the outcome of language network plasticity is
more complicated, and also interacts with age. This section discusses commonly studied
examples of neural injuries that impact the language network in children (stroke, epilepsy,
hemispherectomy), and the general conclusions from this research about the plasticity that
supports language recovery.

Perinatal Stroke

A perinatal stroke occurs around the time of birth, in a window between 28 gestational
weeks and 28 postnatal days. A stroke occurring earlier than 28 weeks is considered a
neonatal stroke and has a different profile of presentation, and a stroke after 28 postnatal
days is considered a childhood stroke (Ferriero et al., 2019). It is estimated to be six
times more likely for a newborn to have a stroke than an older child (DeVeber et al.,
2017). During the perinatal window, the most common type of stroke (approximately
80%) is arterial ischemic. The remainder are either hemorrhagic or a cerebral sinovenous
thrombosis. Some infants (estimated around 1/3) present with symptoms in the first few
days of life, most commonly seizures, changes in muscle tone (hemiparesis, hypotony,
hypertony), and disturbed level of alertness (irritability, lethargy; Laugesaar et al., 2007).
More often, symptoms present several months later (8 months on average): most commonly,
hemiparesis is observed (early hand preference before handedness is typically apparent),
and occasionally seizures (Laugesaar et al., 2007). For uncertain reasons, the majority of
perinatal strokes impact the left hemisphere (Golomb et al., 2001; Laugesaar et al., 2007;
Nelson & Lynch, 2004), perhaps as many as 80% (Grunt et al., 2015).

Left middle cerebral artery (MCA) perinatal strokes without other comorbid or congenital
conditions (e.g., cardiovascular disease, epilepsy) are an important model for understanding
language network plasticity. In these individuals, language develops successfully despite the
loss of left hemisphere cortical regions that are critical for a full range of language abilities
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in typical adults (Newport et al., 2017; Stiles et al., 2012). Behavioral studies with perinatal
stroke survivors suggest that language shows a delayed developmental trajectory compared
to neurologically typical children, but by the end of development, language abilities are
normal (Bates, 2004; Trauner et al., 2013). For example, a study performed by Ballantyne
and colleagues (2007) found that school-age perinatal stroke participants with either a left or
right hemisphere stroke performed worse than controls on receptive and expressive language
(both groups were below the fourteenth percentile; Ballantyne et al., 2007). The lesion side
and location were not predictive of language outcomes. The presence of seizures, however,
significantly related to poorer performance in the stroke groups. This finding has been
replicated in a number of studies (Ballantyne et al., 2008; Bosenbark et al., 2017; Williams
etal., 2017). When tested in adolescence or adulthood, perinatal stroke survivors without
chronic seizures perform the same as their neurotypical peers on language tests (Fair et al.,
2010; Ilves et al., 2014; Newport et al., 2017).

When language develops successfully after a left hemisphere perinatal stroke, it organizes
in the right hemisphere. Dichotic listening experiments provided the earliest evidence of
right-lateralization of language in this population (Brizzolara et al., 2002; Bulgheroni et

al., 2004; Carlsson et al., 1992; Chilosi et al., 2005). More recently, fMRI studies have
specified that language organizes in right hemisphere regions that are a mirror image of
typical left hemisphere language regions, including inferior frontal gyrus, superior temporal
gyrus and sulcus, and middle temporal gyrus (Frangois et al., 2019; Guzzetta et al., 2008;
Newport et al., 2017; Tillema et al., 2008). There is no conclusive evidence from these
studies that lesion size relates to right hemisphere organization of language (Guzzetta et al.,
2008; Tillema et al., 2008), which suggests that even when only part of the left hemisphere
cortical territory that typically processes language is impacted, the network still becomes
right-lateralized. In fact, Staudt and colleagues (2002) found that even in the case of small
periventricular white matter strokes, which leave the majority of left hemisphere cortex
intact, language processing can be right-lateralized to regions that mirror the left hemisphere
activation patterns in controls (Staudt et al., 2002). Right-hemisphere language organization
may also be more likely if the perinatal stroke encompasses Broca’s area (Guzzetta et al.,
2008). The organization of language in the healthy right hemisphere after a left hemisphere
perinatal stroke exemplifies the extreme plasticity available in the brain at the start of life,
and demonstrates that successful language development can occur in the absence of left
hemisphere brain structures that typically support language.

A few studies have suggested that the left hemisphere may still play a role in language
processing after a left hemisphere perinatal stroke. Raja Beharelle and colleagues (2010)
found that in left hemisphere perinatal stroke survivors, behavioral language scores
positively correlated with left-lateralized frontal activation and bilateral posterior temporal
and parietal activation evoked by a category fluency fMRI task (Raja Beharelle et al.,
2010). Fair and colleagues (2010) argued that methodological decisions can bias our
interpretations of right hemisphere language activation. In particular, they demonstrated that
when only correct trials were investigated for their word generation fMRI task, there were
few differences in right hemisphere language activation between patients and controls, and
the differences that were present seemed to be idiosyncratic across individuals (Fair et al.,
2010). However, studies that have taken these methodological considerations into account,
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such as those using an easy sentence processing task that produces few to no errors, continue
to demonstrate robust right hemisphere language activation in left hemisphere perinatal
stroke participants (Newport et al., 2017). And critically, young children who have lost most
of—or in rare cases, all of—the left hemisphere cortical language network can still achieve
normal language outcomes (Lenneberg, 1967; Stiles et al., 2005, 2012).

It is remarkable that the right hemisphere is able to support language processing after a
perinatal stroke, considering how limited it is in its ability to recover language functions
after a left MCA stroke in adulthood. Elissa Newport’s “Developmental Origins Hypothesis”
suggests that because the representations of cognitive functions are more widely distributed
in the young child’s brain, functions like language can be preserved after unilateral injury
through engagement of these additional representations (Newport et al., 2017). Because
language is processed bilaterally in early childhood (Olulade et al., 2020), children may
successfully make use of the available language processors in the right hemisphere when

an early stroke damages the left hemisphere. However, over the course of development, the
language network consolidates in the left hemisphere, and this alternative set of language
processors in the right hemisphere is no longer able to support language. An important
question raised by this hypothesis is whether the right hemisphere language regions that

are capable of supporting language early in life can be functionally resurrected after left
hemisphere injury in an adult. Further investigation is needed into how these more diffuse
areas are used during language processing by children, and the mechanisms of plasticity that
make these regions less involved in language processing later in life.

Overall, this work has concluded that language organization in the brain is highly plastic
early in life: language abilities can develop successfully even if typical left hemisphere
language regions are unavailable by recruiting frontal and temporal regions in the intact
right hemisphere. Seizures are disruptive to successful language development, and further
investigation is needed to conclude whether the site of the lesion and the residual left
hemisphere tissue are important features in language plasticity after perinatal stroke.

Childhood Stroke

Strokes occur far less often in childhood after the perinatal period (DeVeber et al., 2017).
Generally, after a left hemisphere stroke in childhood, language is more likely to remain
lateralized to the left hemisphere, and language outcomes are worse. These outcomes

further demonstrate that there is a window of plasticity early in life, after which—even

in later childhood—there is much less plasticity available for atypical language mapping and
successful language development. Ilves and colleagues (2014) found that in childhood stroke
survivors (age at stroke ranging from 1.5 months to 11.25 years) language activation was
strongly left-lateralized regardless of age at stroke — however, in those who suffered a stroke
after age 2, behavioral scores on receptive and expressive language tasks were significantly
lower compared to those who were younger than 2 at the time of stroke (llves et al., 2014).
Everts and colleagues (2010) examined left and right hemisphere childhood stroke survivors,
and found left-lateralized language in 3/5 left hemisphere and 3/5 right hemisphere stroke
survivors. Among those with atypical lateralization, one left hemisphere stroke survivor
showed left-lateralization for vowel detection and right-lateralization for synonym judgment,
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and one right hemisphere stroke survivor showed the opposite dissociation (Everts et

al., 2010). Elkana and colleagues (2011) found greater right-lateralization of language
activation in childhood stroke survivors compared to healthy controls, but that linguistic
proficiency correlated positively with left-lateralization in the stroke group. In one patient
studied longitudinally, left-lateralization of frontal activity increased with age, and linguistic
proficiency also improved (Elkana et al., 2011). There have been fewer studies investigating
language organization after childhood stroke than after perinatal stroke, but these results
indicate that language recruits typical left hemisphere regions with variable success, and
idiosyncrasies in organization may relate to the degree of developmental plasticity still
available at the age the stroke occurred. However, age and stroke severity are not the only
factors that impact functional recovery. Environmental influences (family, sociodemographic
factors, interventions) also contribute to the “recovery continuum” of cognitive outcomes
after neural injury in development (Anderson et al., 2011).

When a child has severe left hemisphere epilepsy, language can organize atypically in

a few ways. In a relatively large fMRI study of patients with focal epilepsy (h=220)

and healthy controls (n=118), Berl, Gaillard and colleagues (2014) identified atypical
language organization in 2.5% of controls and 24.5% of patients that presented as

either symmetrically bilateral, right-lateralized, or incongruent lateralization of frontal and
temporal regions (“unilateral crossed”; Berl, Zimmaro, et al., 2014). In agreement with
previous work by their group and others, atypical language organization was related to early
onset of seizures (before age 6), atypical handedness (left or ambidextrous), and vascular
pathology (stroke, cavernomas, and arteriovenous malformations; Berl, Zimmaro, et al.,
2014; Gaillard et al., 2007). Other fMRI studies have shown that when language reorganizes
to the right hemisphere in patients with left hemisphere foci, the regions recruited are

the right hemisphere homologues of typical left hemisphere language regions (Mbwana et
al., 2008; Rosenberger et al., 2009)—the same overall pattern that is observed after left
hemisphere perinatal stroke. When language remains left-lateralized, activation localizes to
typical frontal regions, while the location of activation in temporal regions is more variable
—likely due to the high prevalence of temporal lobe seizure foci in these participants
(Rosenberger et al., 2009). Surprisingly, Liégeois and colleagues (2004) found that when a
left hemisphere lesion occurred in cases of severe epilepsy, lesions remote from language
regions resulted in atypical language organization in 4/5 cases, the same proportion that was
observed when lesions were proximal to Broca’s area (Liégeois et al., 2004). The findings
of Berl, Gaillard and colleagues (2014) may explain some of this nuance. Their results
demonstrate that frontal and temporal regions can lateralize differently, and the different
lateralization profiles that arise have systematic relationships with some of the common
variables that have been identified as predictors of general atypical language lateralization in
previous work: the frontal region was right-lateralized more often in patients with atypical
handedness, the temporal region was right-lateralized more often in patients with early
seizure onset, and both frontal and temporal regions were right-lateralization more often

in patients with left hemisphere seizure foci (though some patients with right hemisphere
seizure foci also showed this right-lateralized organization). In summary, language can
become atypically organized in childhood epilepsy by recruiting structures bilaterally, in
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the right hemisphere, or with the frontal and temporal regions oppositely lateralized. The
common variables implicated in atypical language organization in developmental epilepsy
are handedness, age of seizure onset, and vascular pathology.

Hemispherectomy

Rasmussen’s syndrome, or Rasmussen’s encephalitis, causes severe epilepsy in children
who are often otherwise neurodevelopmentally typical. The surgical removal of the
hemisphere with the primary epileptogenic center, while an extreme procedure, is highly
successful in eradicating seizures in these individuals (Moosa et al., 2013). Language
outcomes in these children—who developed language normally for some number of years
and then in some cases had the left hemisphere removed after the disease began—can
elucidate which language processes can be supported by the non-dominant right hemisphere.

Boatman and colleagues (1999) studied language outcomes in a group of right-handed
Rasmussen’s syndrome patients who had at least 5 years of normal language development
before they acquired epilepsy and underwent a left hemispherectomy. Five of the six patients
were impaired on phoneme discrimination prior to surgery, but after 5-6 months of recovery
post-surgery, these 5 patients were no longer impaired. Most patients were completely mute
in the days to weeks immediately following surgery, and while repetition recovered and
picture-naming eventually improved, their spontaneous speech was largely telegraphic even
after 5-6 months of recovery. The authors interpret that the right hemisphere may have

been innately capable of supporting phoneme discrimination, since this ability recovered
successfully in only a few months (Boatman et al., 1999). Similarly, Bulteau and colleagues
(2015) found that phoneme discrimination was fully supported by the right hemisphere

after left hemispherectomy in the 6 Rasmussen’s syndrome patients they studied. Verbal
comprehension also recovered after surgery, although other speech abilities, particularly
those that required producing speech or judging speech segments longer than a single word,
remained impaired. Many of these impaired processes correlated with working memory
scores measured by forward and backward digit span. The authors conclude that both
hemispheres may have equal potential for comprehending word meaning (lexicosemantic
knowledge), but the left hemisphere may develop early specialization for speech production,
syntax, and perhaps complex aspects of phonological analysis (Bulteau et al., 2015).

Hemispherectomies are also performed in children with intractable epilepsy that begins at
the onset of life, for example due to a prenatal stroke. In these cases, epilepsy is concurrent
with early cognitive and linguistic development. Case studies performed by Basser led to
the conclusion that if seizure pathology onset was in infancy, language would lateralize
to whichever hemisphere was healthy, and aphasia would be rare when the pathological
hemisphere was removed later (Basser, 1962; Lenneberg, 1967). Interestingly, Curtiss, de
Bode, and Mathern (2001) found that better spoken language outcomes related to seizure
onset (and surgery) at an older age in children with right hemispherectomies, but not left.
They interpret this finding to suggest that the right hemisphere supports the maturation

of the left hemisphere language network, such that early onset of seizures in the right
hemisphere disrupts normal early language network development (Curtiss et al., 2001).
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Curtiss and colleagues (2001) also found that children with a surviving left hemisphere
after hemispherectomy showed higher language scores than those with a surviving right
hemisphere (Curtiss et al., 2001). In a sample with mixed congenital and acquired epilepsy,
Liégeois, Cross and colleagues (2008) found that receptive vocabulary could develop
successfully after the removal of either the left or right hemisphere (Liégeois, Cross, et al.,
2008). They also found that damage to the left hemisphere and early-life pathology in either
hemisphere related to deficits in verbal working memory and verbal intelligence. These
results converge with the findings of Bulteau et al (2015) previously discussed, that the right
hemisphere can support verbal comprehension in the absence of the left hemisphere, and
that post-surgical working memory outcomes were weak and related to deficits in complex
speech processing. For speech production, Liégeois, Connelly and colleagues (2008) found
using task-related fMRI that recruitment of pars triangularis and pars orbitalis in either the
left or right inferior frontal cortex related to better outcomes than pars opercularis alone
(Liégeois, Connelly, et al., 2008).

In summary, the extent to which language is able to reorganize to the right hemisphere after
early left hemisphere injury is multifaceted. In the case of stroke, age is a key factor. In the
case of epilepsy, outcomes are more variable, but age and pathology of seizure onset play an
important role. Studies on hemispherectomy patients have found that the non-dominant right
hemisphere can support some language processes, particularly receptive language functions,
even if the left hemisphere is removed after years of typical language development. Further
investigation is needed into the primary effects of epilepsy on the development of language
and other cognitive systems.

D. LANGUAGE PLASTICITY AFTER INJURY IN ADULTS

Behavioral effects of language network injury and course of recovery

Plasticity of language networks is more limited and less successful in terms of behavioral
outcomes in adults than in children. Any type of brain injury or disorder affecting the left
cerebral hemisphere can cause aphasia in adults. The most common cause of aphasia is
stroke (Simmons-Mackie & Cherney, 2018), which serves as the main model of brain injury
for studying language network plasticity in adults. About one third of all stroke survivors
experience aphasia acutely, and about one in five continue to have aphasia chronically
after stroke (Pedersen et al., 1995). Like other deficits caused by stroke, improvement

of aphasia is fastest early after the injury and slows down over time, typically over a

period of several months (Lendrem & Lincoln, 1985). The clinical presentations of aphasia
are protean, depending primarily on the specific brain structures damaged by the stroke.
The aphasia profile may also change over the first several months, with stroke survivors
often evolving from one syndromic diagnosis into a less severe diagnosis over time (e.g.,
Wernicke’s Aphasia evolving into Conduction Aphasia; Kertesz & McCabe, 1977). These
changes help to illustrate that language is actually composed of many subprocesses that
rely on somewhat distinct brain networks, and may follow different patterns of recovery,
both in the brain and in behavior. Early longitudinal studies measuring aphasia outcomes
suggested that there was little significant improvement on standardized measures after the
first year of recovery (Kertesz & McCabe, 1977). While many neurologists are still taught
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that aphasia recovery ends after one year based on these findings, it is now clear that
improvement often continues for many years after stroke (Holland et al., 2017; Smania et
al., 2010). While some have interpreted the rapid early improvement in aphasia as reflecting
a critical or sensitive period for plasticity after injury, this interpretation is not supported

by evidence. A critical or sensitive period should be marked by a time window during
which language relearning is most effective, but no studies to date have demonstrated that
the effectiveness of speech-language therapy for aphasia depends on its timing after stroke.
Further, multi-center randomized trial data has demonstrated that intensive aphasia therapy
can improve language abilities even years after stroke (Breitenstein et al., 2017). Thus, while
improvement of aphasia may be fastest early after the stroke, there is no clear evidence of a
sensitive period for relearning of language skills in adults.

Topology and timing of language network reorganization

Early improvement in aphasia after adult stroke likely reflects resolution of cerebral edema,
reperfusion of tissue, and improvements of so-called diaschisis, remote brain dysfunction of
networks connected to the lesioned tissue (Carrera & Tononi, 2014). Further recovery from
aphasia is supported by explicit behavioral compensation strategies, and plastic changes in
the brain’s networks for speech and language. Our understanding of how language networks
reorganize after stroke is still evolving. Most of the research on this topic has focused

on describing where changes occur in the brain, and to a lesser extent, when they occur
after stroke (Hartwigsen & Saur, 2017). In terms of where, i.e., the topology, changes in
language-related brain activity, as measured using task-related PET or fMRI, tend to occur
in left hemisphere perilesional brain regions surrounding the stroke, in right hemisphere
regions that mirror the typical left hemisphere language network (the same right hemisphere
regions that support successful language development in children with perinatal stroke),

and in alternate processing areas in both hemispheres thought to be involved in “domain
general” processes such as attention and executive function (Geranmayeh et al., 2014;
Turkeltaub et al., 2011). Of note, the involvement of right hemisphere language regions in
adults with aphasia is qualitatively different from that observed in children with perinatal
stroke. Whereas children with perinatal stroke are able to develop a fully formed right
hemisphere language network that supports normal language, adults with aphasia typically
only weakly recruit right hemisphere regions, and this activity is not typically associated
with recovery of normal language ability. In aphasia caused by brain tumors in adults,

the right hemisphere may be somewhat better able to compensate for disruption of left
hemisphere language structures in slowly growing tumors as compared to rapidly growing
tumors (Thiel et al., 2006). This suggests that age is not the sole factor limiting the plasticity
needed to successfully recruit right hemisphere language homologs in adults, and that the
rapid onset of damage may further limit the degree of plasticity available for successful right
hemisphere recruitment.

The timing of language network changes after stroke is not as well characterized as the
topology because only a few longitudinal imaging studies of aphasia have been performed.
The most rigorous of these studies examined individuals with relatively mild aphasia using
an fMRI sentence comprehension task and found a global decrease in language network
activity immediately after stroke, which was thought to reflect diaschisis (Saur, 2006). This
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was followed by right hemisphere activity that mirrored typical left hemisphere language
areas, which peaked weeks after stroke and decreased over time, with normalization of
activation patterns into a typical left-dominant pattern several months later. It remains
unclear if individuals with more severe strokes and worse aphasia follow a similar time
course of changes over time, although presumably with less successful normalization of
activity. It is also unclear if this pattern of change over time is specific to sentence
comprehension or would generalize to other language processes as well.

Some longitudinal studies in acute aphasia (Heiss et al., 1999; Stockert et al., 2020) and
other studies in chronic aphasia (Skipper-Kallal et al., 2017a, 2017b) have demonstrated that
patterns of reorganization are partly determined by lesion location and size. For example,
while left frontal lesions are associated with recruitment of right frontal cortex for language
(Blank et al., 2003; Heiss et al., 1999; Skipper-Kallal et al., 2017a; Turkeltaub et al.,

2011), left temporal lesions may prevent the recruitment of right temporal cortex (Skipper-
Kallal et al., 2017b; Stockert et al., 2020). It is often assumed that recruitment of right
hemisphere regions for language is greater for large than small lesions. Only one study

has assessed this relationship systematically, finding that lesion size was indeed correlated
with right hemisphere activity (Skipper-Kallal et al., 2017a). However, a similar relationship
between lesion size and visual cortex activity suggested that an artifactual increase in
activity due to increased effort explained the effect, rather than true plastic reorganization

of the language network. These complex relationships between lesion attributes and
reorganization make developing a full picture of language network reorganization in aphasia
challenging, leading to inconsistent findings across the literature (Wilson & Schneck, 2021).
A better understanding of the biological and behavioral mechanisms of plasticity underlying
observed changes may help to constrain hypotheses and develop more focused studies of
language recovery (Turkeltaub, 2019).

Brain changes associated with behavioral language outcomes

Speech-language therapy for aphasia can improve aphasia outcomes, and several studies
have examined brain changes associated with treatment-induced improvements. These
changes follow the same patterns as described above, including residual left hemisphere
tissue, mirror-image right hemisphere language regions, and alternate “domain general”
regions (Schevenels et al., 2020). There is little clear evidence to date that the type of
therapy systematically relates to the pattern of brain changes observed, with the possible
exception that melodic or rhythmic therapies seem to preferentially impact right hemisphere
structures (Schevenels et al., 2020). Good aphasia outcomes, whether considered in the
context of treatment or not, are often associated with preserved left hemisphere language
activity (Fridriksson et al., 2010; Heiss & Thiel, 2006; Saur, 2006), an association that

may in part simply reflect the greater availability of left hemisphere tissue in less severe
strokes. Right hemisphere involvement in recovery has sometimes been considered to be
inefficient or maladaptive for recovery, although other work has suggested the opposite (for
review, see Turkeltaub, 2015). The relative effectiveness of right hemisphere incorporation
into a reorganized network may differ depending on individual characteristics of the stroke
survivor, including lesion size (Anglade et al., 2014) and premorbid degree of language
lateralization (Knecht et al., 2002). Specific right hemisphere brain structures may also
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play different roles in recovery, with some better able to compensate and some perhaps
having a net negative role in language performance. For example, TMS studies have
demonstrated that inhibition of the right pars triangularis of the inferior frontal gyrus

can improve picture naming performance in people with aphasia, whereas inhibiting other
nearby structures can sometimes impair naming (Naeser et al., 2011). In one illustrative
case, a woman with chronic nonfluent aphasia improved on measures of word production
after TMS inhibition of right pars triangularis, but worsened on the same measures after a
subsequent right hemisphere watershed ischemic stroke, which affected language even more
than prototypical right hemisphere functions (Turkeltaub et al., 2012). Given that different
language abilities rely on somewhat different brain structures (Mirman et al., 2015) and have
varying degrees of native lateralization (Gazzaniga, 2000), it seems likely that the ability

of the right hemisphere to compensate in aphasia varies by the specific language ability
under consideration; this, however, has not been investigated thoroughly. Overall, it remains
unclear whether there is an optimal topological pattern of reorganization for successful
aphasia recovery; if so, this likely differs from person to person based on several factors,
including at minimum the location and size of stroke and the specific language abilities
under consideration.

Network-level descriptions of language recovery

Recent research has focused on changes in brain network properties during language
recovery. Aphasia is now understood to be caused by not only focal damage to established
language-associated regions, but also disruption of distributed brain networks (Hartwigsen &
Saur, 2019; Siegel et al., 2016). These networks have an optimized premorbid organization
that supports efficient transfer of information required for language functions (Baldassarre

et al., 2019; Bullmore & Sporns, 2009; Geranmayeh et al., 2014; Hartwigsen & Saur, 2019;
Rubinov & Sporns, 2010; Siegel et al., 2016). Under this framework, critical disruptions

of this organization result in aphasia, and recovery of function is dependent on network-
level plasticity that reconstitutes these premorbid patterns with the remaining intact tissue
(Geranmayeh et al., 2014; Hartwigsen & Saur, 2019).

Characterizing network-level plasticity is performed by measuring changes in the
connections between brain regions. Neuroimaging studies of connectivity most commonly
use one of two approaches: diffusion imaging, which takes advantage of the coherent
diffusion of water along white matter tracts to estimate structural connectivity (SC) between
gray matter regions (Bullmore & Sporns, 2009; Sporns, 2013; Wang et al., 2015); and
functional MRI - often in the absence of a task (resting state) — which allows for the
estimation of functional connectivity (FC), or correlations in the fMRI signal between gray
matter regions that may process similar information (Fox & Raichle, 2007; Fox et al.,
2005; Gordon et al., 2016; Wang et al., 2015; Yeo et al., 2011). Fewer studies have used a
combination of these approaches, but a growing body of evidence supports the hypothesis
that structural (white matter) disconnections underlie functional network dysfunction in
stroke (Griffis et al., 2019). Network approaches to studying plasticity primarily aim to
identify properties of individual brain regions that make them particularly important to
network function as a whole, or to identify properties of the entire large-scale network that
are important to recovery.
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Regarding network properties of individual brain regions, it has been proposed that

aphasia is associated with damage to highly-connected “hub regions” within the language
network, because damage to these regions would hypothetically cause severe disruption of
information flow through the network (Carrera & Tononi, 2014; Griffis et al., 2019; Sporns,
2013). There is some disagreement as to the precise location of these language hub regions
and evidence relating aphasia deficits to hub damage is limited (Chen et al., 2020; Dick et
al., 2014; Fuertinger et al., 2015; Muller & Meyer, 2014; Vandenberghe et al., 2013; Zhao et
al., 2017). Other studies look beyond the influence of individual hub regions to the so-called
“rich club network” of interconnected hubs (van den Heuvel & Sporns, 2011), finding that
damage to the rich club as a whole is associated with worse aphasia and widespread network
dysfunction (Gleichgerrcht et al., 2015; Marebwa et al., 2017). These studies collectively
support the idea that although some brain processors may play key roles within the language
network, processing is distributed enough that the system is somewhat resilient in the long
term even when some hubs are damaged (Blank & Fedorenko, 2020; Fridriksson et al.,
2018).

More commonly, network studies take a broader perspective to consider global network
properties rather than the contributions of individual regions. The brain has been shown

to be intrinsically organized in discrete networks (Fox et al., 2005) with a “small-world”
organization (Liao et al., 2017), defined by dense connections within networks and sparse
but efficient connections between networks. Thus, brain networks are said to be both highly
segregated and highly integrated (Rubinov & Sporns, 2010; Sporns & Betzel, 2016). Acute
strokes that cause aphasia are associated with a global reduction in functional connectivity
within the left hemisphere and between the hemispheres, particularly between homotopic or
mirror-image regions (Sandberg, 2017; Siegel et al., 2016; Warren et al., 2009). Decreases
in segregation (regions within the language network become less connected) and increases in
integration (language regions become more connected to other networks) lead to a language
network that is dysfunctional and less discrete (Baldassarre et al., 2019; Geranmayeh et al.,
2016; Siegel et al., 2016).

Longitudinal network connectivity studies suggest that aphasia recovery may in part be
related to restoration of network segregation which is observable as early as the subacute
phase (Siegel et al., 2016). One prominent longitudinal FC study (Siegel et al., 2018)
examined changes in modularity, a summary measure of the relative ratio of network
segregation to integration (Rubinov & Sporns, 2010; Sporns & Betzel, 2016). This study
found significantly lower whole-brain modularity in stroke survivors acutely, but no
significant difference from controls in the subacute phase, a change that paralleled recovery
of higher-level cognitive functions including verbal and semantic memory and language
(Siegel et al., 2018). Critically, this increase in modularity from the acute to subacute phase
was driven by an increase in a measure of segregation (clustering) with no change in a
measure of integration (path length). This suggests that successful recovery is associated
with tuning of existing within-network connections, with minimal contribution from new
cross-network connections (Rubinov & Sporns, 2010; Siegel et al., 2018), consistent with
observations in cross-sectional studies of subacute-to-chronic stroke (Duncan & Small,
2016; Duncan & Small, 2018).
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Summary of language plasticity after injury in adults

In summary, recovery from left hemisphere injury is generally not as successful in adults

as in children, and many adults with left hemisphere injury experience chronic aphasia. The
brain basis of aphasia recovery is complex and not completely understood. The topology and
to a lesser extent the timing of these changes has been documented, although the specific
patterns observed in individuals depend on lesion attributes and likely other individual
differences which have not been sufficiently accounted for by previous studies. Recovery
seems to be associated with increasing network modularity, which occurs through tuning
within-network connections. As a future direction, a better description of the relationships
between changes in large-scale network organization and changes in individual brain regions
within the language network may be critical to gain a full understanding of how brain
plasticity supports aphasia recovery.

E. CONCLUSIONS

Language is a uniquely human ability. It is the prototypical lateralized brain function, and
so serves as a model system for understanding neuroplasticity in lateralized networks.
Disorders of language cause suffering and loss of productivity in our society, and
understanding plasticity of language networks may lead to new treatments for aphasia and
childhood language disorders. At the time of birth, the language network is essentially
bilateral, albeit with a subtle left bias, and is plastic. Even when the entire left hemisphere
is lost due to perinatal stroke, language can successfully develop in the remaining right
hemisphere, appearing as a mirror image of the typical left hemisphere language network
(Newport et al., 2017). There is a sensitive period for learning new languages early in

life that closes over the course of childhood (Newport, 1990), and similarly, potential for
plasticity in the face of brain injury diminishes over the course of childhood (llves et al.,
2014). The effects of epilepsy on language network development are complex and relate at
least in part to the age of seizure onset, although other factors likely contribute to altered
language network development (Gaillard et al., 2007). By adulthood, the plasticity available
to support recovery from aphasia is limited, and most individuals who acquire aphasia after
stroke are left with at least mild language deficits permanently. Reorganization in the adult
brain utilizes the same mirror image right hemisphere language network that children with
perinatal stroke can use to acquire language (Turkeltaub et al., 2011), but recruitment is
weak, variable, and not effective enough to support normal language. Language plasticity
in adults also relies on left hemisphere language processors spared by injury, nearby

tissue surrounding the lesion, and non-language processors that may support compensatory
strategies. Our understanding of the architecture of large-scale brain networks is rapidly
evolving, and new methods to combine information about global network structure and
changes in local processors in the brain will lead to new insights about language plasticity.
In addition, studies that move beyond descriptions of neuroplastic changes in language
networks to test specific hypotheses regarding the mechanisms that drive these changes
could lead to new treatments to enhance plasticity and improve recovery from aphasia and
other language disorders (Turkeltaub, 2019).
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