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ABSTRACT

Language is organized in large-scale networks in the human brain that show a strong potential
for flexible interactions and adaptation. Neuroplasticity is the central mechanism that allows
such dynamic modulation to changing conditions across the life span and is particularly
important for network reorganization after brain lesions. Most studies on language
reorganization focused on language recovery after stroke. Yet, a strong degree of adaptive
neuroplasticity can also be observed in patients with brain tumors in language-eloquent brain
areas.

This review discusses key mechanisms for neural reorganization in patients with brain tumors.
Our main aim is to elucidate the underlying mechanisms for intra- and interhemispheric
plasticity in the language network in these patients. The following reorganization patterns are
discussed: 1) Persisting function within the tumor; 2) Reorganization in perilesional regions; 3)
Reorganization in a distributed network of the affected hemisphere; 4) Reorganization to the
contralesional hemisphere.

In this context, we shed light on language-related reorganization patterns in frontal and
temporo-parietal areas and discuss their functional relevance. We also address tumor-related
changes in structural and functional connectivity between eloquent brain regions. Thereby, we
aim to expand the general understanding of the plastic potential of the neural language network
and facilitate clinical decision-making processes for effective, function-preserving tumor

treatment.

KEYWORDS
tumor, brain lesion, resection, speech, brain surgery, fMRI, MEG, EEG, direct electrical brain

stimulation, transcranial magnetic stimulation



HIGHLIGHTS

e Gliomas affect distributed networks and influence various cognitive functions

e The potential for functional network reorganization depends on the tumor grade

e Functional reorganization in glioma patients occurs pre- as well as postoperatively
e Reorganization in the language network usually proceeds in a hierarchical order



1. INTRODUCTION

Language is a key human faculty. Successful communication via language requires efficient
interactions between specialized subnetworks. The relevance and complexity of human
language becomes apparent when brain lesions threaten this capacity. How brain tumors can
affect the language network has been little investigated to date. Nevertheless, such studies
reveal unique insight into the brain’s potential for neuroplasticity since patients often show no
or only mild functional impairment due to functional reorganization. Tumor surgery faces the
challenge to remove as much of the tumor as possible while sparing the underlying brain
functions. A better understanding of the reorganization mechanisms would lead to improved
operative outcomes and may increase the patients’ quality of life.

Here, we provide a short overview of the language network and its potential for
plasticity. Against this background, we discuss the current literature on functional
reorganization in the language network as well as tumor-related changes in structural and

functional connectivity in glioma patients.

1.1 OVERVIEW OF THE LANGUAGE NETWORK

Language processing comprises the analysis of sound, meaning and structure of spoken words
as well as the articulation of thoughts (Price, 2000). Current language models propose
functional interactions of distributed temporal, frontal, and parietal brain regions within a
predominantly left-lateralized neural network (see Figure 1). This network is organized along
at least two processing systems, which are underpinned by anatomically distinct fiber
connections (e.g., Catani et al., 2005; Croxson, 2005; De Schotten et al., 2011; Friederici et al.,
2006; Saur et al., 2008). The left-lateralized dorsal stream runs along the arcuate fasciculus and
superior longitudinal fasciculus (AF / SLF system) and connects the temporo-parietal cortex
with the premotor cortex to convert sound representations into motor-articulatory output. The
bilateral ventral stream proceeds from the temporal cortex along the medial longitudinal
fasciculus (MdLF) to the anterior temporal lobe (ATL) and connects to the prefrontal cortex
via the extreme capsule (MdLF / EmC system). It is associated with mapping sound
representations onto meaning (Friederici, 2012; Hickok & Poeppel, 2007; Rauschecker & Scott,
2009; Saur et al., 2008; Wise, 2003). Both streams are thought to work in parallel (e.g., Hickok
& Poeppel, 2007). The degree of their involvement depends on the specific task.

The domain-specific language network also interacts with domain-general networks for

cognitive control and attention (Brownsett et al., 2014; Davis & Cabeza, 2015; Geranmayeh et
4



al., 2014b). This interplay of domain-general and domain-specific networks in human language
processing implies that damage can lead to multi-faceted impairments and (temporary) loss of
function. At the same time, the widespread distribution of different functions harbors the
potential for plastic reorganization within and across the remaining network(s), as intact

network structures might partially compensate for the impairment (Saur & Hartwigsen, 2012).
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Figure 1. Dual-stream model of language processing. Green: dorsal superior temporal gyrus
associated with the spectro-temporal analysis of the incoming auditory speech signal. Yellow: middle
and posterior superior temporal sulcus for low-level phonological processing. Purple and pink: areas of
the dorsal stream for mapping sound onto articulation. Red: areas of the ventral stream for mapping
sound onto meaning. See text for details. AG = angular gyrus, a/pITS = anterior/posterior inferior
temporal sulcus, a/pMTG = anterior, posterior middle temporal gyrus, pIFG = posterior inferior frontal
gyrus, PM = premotor cortex, Spt = area Sylvian parietal temporal, STG = superior temporal gyrus, STS
= superior temporal sulcus; Adapted from Hickok & Poeppel (2007).

1.2 NEUROPLASTICITY IN THE LANGUAGE NETWORK AFTER STROKE

Neuroplasticity allows flexible adaption to changing conditions over the life span. It is
particularly important for reorganization processes which enable recovery of function after

brain lesions. Most existing studies on reorganization in the language network so far examined
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patients with post-stroke aphasia (e.g., Crinion & Leff, 2007; Hamilton et al., 2011; Hartwigsen
& Saur, 2019; Turkeltaub et al., 2012). These studies show that language recovery is a dynamic
process that involves different reorganization mechanisms in different phases (Hartwigsen &
Saur, 2019). The strongest changes are observed during the acute and early subacute phase (e.g.,
Hillis & Heidler, 2002). Indeed, most patients show strong spontaneous recovery within the
first few weeks after stroke, which is often supported by language therapy. Language
performance then stabilizes (Petersen et al., 1988), with most patients exhibiting some aphasic
symptoms even after one year (Pedersen et al., 2004). However, improvement can still be
achieved in the chronic phase (e.g., Breitenstein et al., 2017; Pulvermiiller et al., 2001;
Szaflarski et al., 2008). Several longitudinal neuroimaging studies provide insight into the
dynamics of recruitment across the time course of recovery (e.g., Saur, 2006; Stockert et al.,
2020). These studies report an early upregulation of frontal areas in the right hemisphere in the
subacute phase. This is followed by a later normalization of activity in the chronic phase,
including decreases of right-hemispheric activity and increases in perilesional left-hemispheric
areas. Notably, network reorganization after stroke involves both the specialized language
network as well as domain-general networks (Brownsett et al., 2014; Crinion & Left, 2007;

Geranmayeh et al., 2014a; Stockert et al., 2016).

1.3 NEUROPLASTICITY IN THE LANGUAGE NETWORK IN TUMOR PATIENTS

Relative to stroke-induced lesions of vascular origin, cerebral tumors challenge the brain’s
potential for adaptive plasticity in a different way. Especially low-grade tumors progress over
a longer time. Therefore, they might allow for a higher amount of large-scale functional
reorganization by activating latent functional parts of the larger language network (e.g., Duffau
etal., 2003; Krishna et al., 2021; Traut et al., 2019). This is supported by the fact that low-grade
glioma patients often show little or no functional impairment at the time of diagnosis (e.g., Gil-
Robles et al., 2008; Mandonnet et al., 2003; Satoer et al., 2017). In contrast, high-grade gliomas,
which grow faster, tend to cause more severe and earlier impairment (Bizzi et al., 2012;
Campanella et al., 2009; Noll et al., 2015; Zhang et al., 2018).

In general, gliomas can disturb the language network in three ways: 1) Critical brain
structures can be infiltrated by the tumor; 2) Subcortical fiber connections can be disrupted or
3) displaced by the tumor (Krishna et al., 2021; Witwer et al., 2002). Furthermore, while stroke-
induced lesions often affect several brain structures, glioma patients have relatively
circumscribed lesions (e.g., Tomasino et al., 2015, 2019). Yet, most gliomas (WHO grade II-
IV) are infiltrative lesions with often unclear boundaries. Therefore, the determination of tumor
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extent, especially in those with infiltrative growth, can be challenging (e.g., Duffau, 2009b).
Additionally, tumors go along with specific lesion-related biochemical processes and
alterations of physical processes occurring in perilesional areas, such as inflammation, reduced
vascular reserve and micro-invasion (Vajkoczy & Menger, 2004). These factors are assumed to
impact neural plasticity (Cargnelutti et al., 2020a). Depending on the tumor grade and the
location in relation to eloquent brain regions, patients may show aphasic symptoms already at
the beginning of the diagnosis (e.g., Banerjee et al., 2015; Wood et al., 2011) or in the later
course of the disease, often with a delay of months or years after the tumor started to grow (e.g.,
Duffau, 2005, 2008; Meyers et al., 2000; Pallud et al., 2013).

Functional reorganization in patients with gliomas occurs not only in the preoperative
phase, triggered by tumor growth, but also after surgery (see Figure 2). Most patients with
tumors within or in vicinity to the language network experience a transient, postsurgical
language impairment. These temporary impairments may not only occur due to the edema, but
also because of the resection of functionally relevant regions within or adjacent to the tumor
(e.g., Atlas et al., 1996; Coget et al., 2018; Wunderlich et al., 1998). Ilmberger et al. (2008)
identified risk factors for postoperative language impairment, such as preoperative aphasia,
intraoperative complications, functional regions within the tumor or a non-frontal tumor
location. Although most patients recovered from aphasia after several months, increasing age
and preoperative language impairment were predictors for a higher risk of permanent aphasia.
Furthermore, several studies indicate that the preservation of subcortical fiber connections (e.g.,
the AF and the SLF) is essential for language function (e.g., Caverzasi et al., 2016; Tuncer et
al., 2021). However, many studies show that even severe postoperative aphasic symptoms often
resolve within 1-3 months (e.g., Antonsson et al., 2018; Duffau et al., 2003; Duffau et al., 2009;
Krishna et al., 2021; Sanai et al., 2008; Satoer et al., 2014, 2017; Sierpowska et al., 2020). This
suggests that, since reorganization processes already start preoperatively, some loss of function
can be compensated by other brain regions over time. Additionally, surgery can prompt
biochemical processes, such as the unmasking of redundant patterns through reduction of
intracortical inhibition (Duffau, 2001; Duffau et al., 2003; Gil-Robles et al., 2008; Saito et al.,
2014). Interestingly, although aphasia usually resolves within the first months post-surgery,
long-term studies show that neural reorganization sometimes continues for an even longer
period of time (e.g., Duffau, 2006). In addition to the influence of the tumor and surgery,
therapeutic interventions like radio- (Butler et al., 2006) or chemotherapy (Briones & Woods,
2014; Gibson et al., 2019) can cause aphasic symptoms or lead to cognitive decline.

Nevertheless, their impact is rarely investigated.
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Figure 2. Schematic visualization of differences between pre- and postoperative neural
reorganization in patients with cerebral gliomas. The preoperative phase is shown on the left (violet).
The postoperative phase is shown on the right (turquoise). Blurred, grey regions symbolize functional
regions of the typical left-hemispheric language network.

1.4 AIM OF THE REVIEW

This review covers complementary studies on tumor-induced plasticity in the language network
using brain imaging techniques such as functional magnetic resonance imaging (fMRI),
positron emission tomography (PET), electroencephalography (EEG) /
magnetoencephalography (MEG) as well as brain stimulation approaches such as transcranial
magnetic stimulation (TMS) and intraoperative direct electrical brain stimulation (DES) (see
Figure 3).

Several previous reviews discussed neural plasticity in tumor patients. These previous
attempts include comparisons between pre- and intraoperative mapping techniques for motor
and language functions in patients with gliomas (Cirillo et al., 2019), investigations of white
matter connectivity, and the role of the contralesional hemisphere in language function
(Cargnelutti et al., 2020a), as well as mechanisms of aphasia recovery in glioma patients
(Krishna et al., 2021). Another review focused on the comparisons of plasticity mechanisms in
the language network across different focal lesions (Pasquini et al., 2022).

Despite these previous efforts, several questions about the mechanisms and patterns of
functional reorganization in the language network in patients with cerebral gliomas remain to

be addressed. The existing studies strongly vary with respect to several factors, including tumor
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grade, location, resection volume, adjuvant treatment, age of patients, sample size, and
investigation method. The strong variability hinders strong general statements about plasticity
in glioma patients. The present review article has two main goals. First, by summarizing the
existing literature on language reorganization in patients with brain tumors, we discuss
methodological and subject specific differences between studies and draw more general
conclusions that may inform future clinical decision making. Secondly, we highlight potential
differences of brain reorganization for specific language functions and discuss them in the

context of interactions within- and between large-scale neural networks.

2. METHODS

The search methods for the present review follow the Preferred Reporting Items for Systematic
Reviews and Meta Analyses (PRISMA) guidelines (Moher et al., 2009, 2015; Page et al., 2021;
see Figure 4). For the section about cortical plasticity in the language network, studies were
chosen according to the following eligibility criteria:

1. The study used pre- and/or postoperative functional neuroimaging (e.g., functional
magnetic resonance imaging (fMRI), positron emission tomography (PET),
electroencephalography (EEG), magnetoencephalography (MEG)) and/or pre- and/or
postoperative non-invasive brain stimulation (e.g., TMS) and/or intraoperative direct
electrical stimulation (DES) to map language function and investigate neural plasticity
with either a between or within-subject design (see Figure 3 for an overview of mapping
methods). Results were interpreted as plasticity if 1) a given functional activation was
dislocated with respect to its normal anatomical location, 2) functional reorganization
was detected in the absence of language deficits, 3) pre- and postoperative functional
maps differed (sometimes with repeated surgeries) (see Cargnelutti et al., 2020a).

2. Subjects had a diagnosis of a primary cerebral tumor (glioma) affecting the left,
language-dominant hemisphere. Patients with tumors of all sizes, histopathologies and
WHO-grades were included.

3. The study used at least one productive or comprehensive language paradigm to map

language function.

For the section on structural connectivity in glioma patients, we additionally included studies
using only anatomical magnetic resonance imaging (MRI) and diffusion tensor imaging (DTI)

(Jehna et al., 2017; Kinoshita et al., 2014; Zheng et al., 2013). None of these studies included a
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language paradigm. To review the literature on functional connectivity in glioma patients, we

included both task-based and resting state paradigms.

Functional Magnetic Resonance Imaging
(fMRI)

Pre- and/or postoperative mapping of
BOLD-response during task performance
in intra- and interhemispheric regions

Functional connectivity MRI

Pre- and/or postoperative mapping of
functional interactions in intra- and inter-
hemispheric regions during task performance
or resting state

Diffusion Tensor Imaging (DTI)

Pre- and postoperative mapping of structural
connectivity in intra- and interhemispheric
regions

Positron Emission Tomography (PET)

Pre- and/or postoperative measurent of brain
metabolism and the distribution of exogenous
radiolabeled chemical agents in intra- and
interhemispheric regions

Direct Electrical Stimulation (DES)

Intraoperative mapping of cortical and
subcortikal function in intra- and
perilesional regions

Transcranial Magnetic Stimulation (TMS)

Pre- and postoperative mapping of cortical
function in intra- and interhemispheric regions
during task performance

Electroencephalography (EEG)/
&v Magnetoencephalography (MEG)

Pre- and postoperative mapping of brain
oscillations in intra- and interhemispheric
regions during task performance or resting state

Figure 3. Conceptual visualization of methods for mapping neural reorganization. Non-invasive
methods are shown in blue. Invasive methods are shown in yellow.

All publications (regardless of publication date) were included if they met the eligibility criteria.
Studies were collected from the literature databases PubMed (https://www.pubmed.de) and
Google Scholar (https://scholar.google.com). Searches included the key words “tumor” AND
“language” AND “plasticity” OR “reorganization”. Additionally, previous reviews (Cargnelutti
et al., 2020a; Cirillo et al., 2019; Krishna et al., 2021; Pasquini et al., 2022) and references from
included studies were screened for further articles. The search in PubMed yielded a total of
35.178 results. Google Scholar found 87.100 articles, based on our search terms. However, only
the first 10.000 results on PubMed and the first 1.189 results on Google Scholar could be
displayed. Search results of both databases included 176 duplicates, which were removed. The
remaining 11.113 studies plus 22 studies that were found in the references of previous reviews,
were screened for matching the inclusion criteria. Screening resulted in the exclusion of 10.690
studies. The remaining 345 studies were sought for retrieval. 15 studies had to be excluded
because they could not be retrieved or because their content was far from our research question.
In a next step, the remaining 330 studies were assessed for eligibility by two independent
researchers. 246 articles were excluded, since they a) did not report outcomes in glioma
patients, b) examined children only, ¢) did not address the language network, d) did not use any

of the above-mentioned methods, ) were pure mapping studies that did not investigate neural
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plasticity mechanisms, or f) were review or opinion papers which did not describe own data.
Finally, 84 studies were included in the current review. We also included three eligible preprints
that were found on Google Scholar to avoid publication bias. Of all included studies, 57 studies
dealt with cortical plasticity in patients with cerebral tumors. Since the literature (e.g.,
Desmurget et al., 2007) suggests four main patterns of tumor-induced cortical plasticity (1)
Persistence of function within the tumor, 2) Reorganization in perilesional regions, 3)
Reorganization in a distributed network of the affected hemisphere; 4) Reorganization in the
contralesional hemisphere; see paragraph 3 for details), those studies were assigned to one or
more of these patterns, depending on the evidence provided by each study. Details for all studies
that comprise evidence for cortical plasticity are provided in Table 1. The remaining 27 studies
dealt with subcortical plasticity and changes in structural (n = 15) and functional (n = 12)
connectivity due to brain tumors. Details for these studies are provided in Table 2. Cut-off date

for the publication of studies was June 2022.
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Figure 4. PRISMA flowchart displaying the process of literature search and screening (see Moher
et al., 2009, 2015; Page et al., 2021). Cut-off date for the publication of studies was June 2022.

3. PATTERNS OF CORTICAL PLASTICITY IN THE
LESIONED LANGUAGE NETWORK

In the following paragraphs, general mechanisms of tumor-induced cortical plasticity and
adaptation in the language network will be discussed. Based on the current state of research,
four main hierarchical patterns of adaptation to gliomas can be identified (see Figure 5): 1)
Persistence of function within the tumor, 2) Reorganization in perilesional regions, 3)
Reorganization in a distributed network of the affected hemisphere; 4) Reorganization in the
contralesional hemisphere (e.g., Desmurget et al., 2007; Duffau et al., 2003; Duffau 2005,
2008). The included studies were grouped according to these patterns. Note that this
classification is an oversimplification and does not always occur in a sequential order.
Accordingly, some studies provide evidence for more than one pattern, sometimes even within
the same individuals, and are therefore mentioned several times. Relevant study details are
summarized in Table 1 (see Appendix). Note that we mainly focus on studies with larger sample

sizes (n > 10) in the text.

3.1 PERSISTING FUNCTION WITHIN THE TUMOR

Since tumors often progress by slowly infiltrating the brain, the affected regions usually do not
lose function at once. Instead, threatened language function can persist within the tumor for
some time. Especially in the periphery of the tumor (infiltration zone), residual function might
be explained by the co-occurrence of tumor cells and healthy cells. When damage becomes too
critical, other brain regions usually take over compensatory function (e.g., Duffau et al., 2002;
Ille et al., 2019; Southwell et al., 2015). Even though persisting function within the tumor is not
exactly a mechanism of plasticity, transition to functional reshaping mostly occurs in a fluid
manner and cannot be neglected when aiming to understand the principles of functional
reorganization in tumor patients. Furthermore, functional regions within the tumor have an
important impact on the surgical success. Usually, persisting function results in an incomplete
resection (Ojemann et al., 1996) since a more radical procedure might cause severe permanent
speech and language disorders and would significantly reduce the patient’s quality of life.

Intralesional function is also a risk factor for postoperative aphasia (Ilmberger et al., 2008).
12



Across the last years, fractionated surgeries, especially for low grade gliomas, have become
increasingly popular (e.g., Duffau et al., 2002; Gil Robles et al., 2008; Picart et al., 2019; Saito
et al., 2014), since time between resections often allows for functional reorganization and
intralesional regions that were critical during the first resection already gave up function a few
months later before the second surgery (e.g., Gil-Robles et al., 2008; Saito et al., 2014; Sarubbo
et al., 2012a, 2012b). Such reorganization may probably even be promoted by the first surgery
(Duffau, 2005; Duffau et al., 2002).

Intralesional function has been reported regardless of tumor location, degree of infiltration,
swelling, necrosis and mass-related shift (Skirboll et al., 1996). Furthermore, tumors of all
grades can show persisting language activity within the lesion. However, some factors that
influence the risk for persisting function within the tumor can be traced.

Since DES is one of the methods that most reliably detects intralesional language
function, many studies report respective findings that were found intraoperatively. For example,
some DES-studies showed that larger tumors (Latini et al., 2021; Southwell et al., 2016) often
go along with more functional spots within the lesion. Consequently, slower tumor growth
might favor reorganization while faster growing lesions are more prone to persisting function.
This is supported by a study on repeated surgery, since large preoperative lesions correlated
with more persisting intralesional function even during a later, repeated surgery (Southwell et
al., 2016).

Using intraoperative DES, Picart et al. (2019) observed that a high degree of plasticity
was related to rather sharply defined tumors, while patients with more diffuse gliomas showed
less functional reorganization and more persisting function within the lesion. Additionally,
diffuse tumors more often affected subcortical white matter, which also limited neuroplasticity.
Consequently, surgery of sharply defined tumors caused less harm to functional regions and
patients recovered faster than those with more diffuse lesions.

A study using preoperative MRI and DTT as well as intraoperative DES in diffuse low-
grade glioma patients found that age had a strong influence on brain plasticity, since higher age
was directly correlated with intralesional eloquent spots during awake surgery (Latini et al.,
2021). This finding is in line with other studies reporting a lower degree of myelin/white matter
plasticity in elderly people (Fuchs & Fliigge, 2014; Wang & Young, 2014). Moreover, Latini
et al. (2021) found that persisting function within the tumor on the subcortical level was
correlated with an increased risk for neuropsychological impairment and epilepsy. Furthermore,

the number of intralesional cortical eloquent spots was negatively correlated with the number
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of perilesional cortical eloquent spots. This is in line with other research arguing that
intralesional persisting function and perilesional function reflect different stages of an adaptive
process during glioma growth, which rarely occur in parallel (Duffau, 2020; Kong et al., 2016;
Southwell et al., 2016).

Notably, brain regions differ in their potential for plastic reorganization and their likelihood to
show persisting function. One of the brain regions most studied in terms of language processing
is Broca’s area in the left inferior frontal gyrus (IFG). Contrary to what has long been assumed,
this region seems to have a relatively high potential for neuronal reorganization, so that even
large tumors in this region could be surgically removed without causing permanent functional
deficits (e.g., Plaza et al., 2009). Persisting function is therefore rare in the IFG, especially in
the case of low-grade gliomas with slow growth as shown with DES (e.g., Duffau et al., 2003)
and fMRI (e.g., Benzagmout et al., 2007).

The neighboring left ventral premotor cortex (PMv), on the other hand, seems to have a
rather low plastic potential, probably due to its dependence on the underlying SLF (e.g., Tus et
al., 2011; Martino et al., 2009; van Geemen et al., 2014).

The plastic capacities of the insula also seem to be limited, at least if the tumor has also
infiltrated adjacent regions in the frontal and temporal operculum (Duffau et al., 2003, 2006;
but see next section). This was shown by a relatively large DES study. In eight of 42 patients,
in addition to the insula, the frontal operculae were also infiltrated by the tumor. These cases
all showed persisting language function within the insula, presumably because the operculae
were unable to fully compensate for the function (Duffau et al., 2006).

Some DES studies with small sample sizes also found persisting language function in
patients with gliomas in the left temporal lobe (Duffau et al., 2002, 2003; Sarubbo et al., 2012a,
2012b). Yet, in those patients who underwent repeated surgeries, complete resection was
usually possible in the second operation, since language functions had been successfully

reorganized outside the lesion (Duffau et al., 2002, 2003; Sarubbo et al. 2012a).

In summary, functional regions within the lesion often complicate tumor resection and
sometimes make repeated surgeries necessary. Factors like older age, large tumor volume and
higher tumor grades increase the risk of persisting function within tumors. Furthermore, the
degree of plasticity and reorganization seems to differ substantially between language areas and

is strongly dependent on subcortical connections.

14



3.2 PERILESIONAL REORGANIZATION

Functional reorganization in perilesional regions is frequently observed in patients with cerebral
tumors. Such reorganization can occur both preoperatively (e.g., Gunal et al., 2018; Thiel et al.,
2001) in brain regions adjacent to the tumor and postoperatively (e.g., Duffau et al., 2003; Ille
et al., 2019; Lizarazu et al., 2020) at the edges of the resection cavity or around a tumor residue.
As shown by Latini et al. (2021), patients with eloquent spots in perilesional regions usually
show relatively good behavioral language and neuropsychological abilities, compared to
patients with persisting function within the lesion. The authors therefore assume that
peritumoral cortices within the same functional hub are often recruited as a first mechanism of
functional reorganization.

One of the first studies that detected preoperative perilesional reorganization outside the
classic language regions was conducted by Thiel et al. (2001). Here, 61 patients with left-
hemispheric brain tumors and 12 healthy control subjects were examined with PET during a
verb generation task. Most patients were affected by low-grade gliomas and showed no or little
language deficits. In contrast to the healthy control group, patients frequently showed
frontolateral language activation not only in “classic” Broca’s region (BA 44/45), but also in
adjacent IFG areas (BA 46 and BA 47). Likewise, perilesional reorganization and unimpaired
language abilities in patients with gliomas affecting the IFG were found in DES studies (e.g.,
Duffau et al., 2003; Lubrano et al., 2010). For example, Lubrano et al. (2010) reported that only
5 of 20 glioma patients showed language-positive regions within classic Broca’s area (BA
44/45). Instead, most of the language-positive spots were located in perilesional regions,
particularly in the pars orbitalis and the premotor cortex. More insight into the plasticity patterns
in patients with tumors affecting the IFG is provided by an fMRI study (Gunal et al., 2018).
Here, patients were divided into two groups, depending on the presence of clinical language
impairment. None of the patients exhibited significant BOLD-activity in Broca's area. In
patients with unimpaired language functions, however, activations were found in adjacent
regions (BA 13 and 47) as well as in the contralesional frontal cortex (BA 9). Patients with
language impairment showed neither activity in adjacent brain regions nor in the right Broca’s
homologue. The authors concluded that lower-grade tumors, which were predominantly found
in patients with unimpaired language, allowed more extensive neuronal plasticity due to their
slower and less aggressive growth. In contrast, the faster growth of higher-grade tumors could
have restricted reorganization processes.

A brain region that is frequently affected by brain tumors is the insula (Duffau &
Capelle, 2004). Using intraoperative DES, Duffau et al. (2006) demonstrated that functional
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language impairment resulting from circumscribed tumors affecting the insula is often
compensated by perilesional reorganization patterns, especially in the frontal and temporal

operculum.

Several studies also provide evidence for postoperative perilesional reorganization in the
language network. Southwell et al. (2015) used DES in 18 glioma patients who underwent
repeated surgeries. Particularly tumors with smaller volumes appeared to be associated with
functional changes over time. In most cases, this was characterized by a loss of function in
intra- and perilesional areas. Since these patients showed intact or stable language functions, it
can be assumed that functional reorganization happened in brain regions remote from the lesion.
These results are also in line with Ille et al. (2019) who conducted rTMS language mapping in
18 glioma patients who underwent surgery twice. Patients who showed strong language
function near the tumor during the first session presented with significantly more language
negative sites in the tumor area during the second measurement, compared to patients in whom
language function was not even preoperatively located near the tumor. Consequently, these
results argue for perilesional reorganization to be a rather early compensatory mechanism,
which is often followed by compensation through more remote brain regions. Furthermore,
most changes in cortical language function were observed in patients with a follow-up time of

more than 13 months and tumors with lower WHO grades.

In summary, perilesional reorganization can be found pre- and postoperatively for tumors with
varying cortical locations as well as different tumor grades. However, despite partly divergent
findings and small sample sizes, compensatory function in perilesional areas seems to be a
rather early mechanism that replaces functional spots within the lesion in an effective way,

since patients in this stage tend to have no or only slight language impairment.

3.3 REORGANIZATION IN A DISTRIBUTED LEFT-HEMISPHERIC NETWORK

Besides perilesional reorganization, more distributed regions of the affected hemisphere can be
recruited to compensate for the lesion. However, preoperative evidence is only provided by a
few studies with small sample sizes. Using PET, Meyer et al. (2003) report increased language
activation in the superior temporal gyrus in patients with tumors located in Broca's area.
Additionally, they found an opposite pattern in a case with a tumor infiltrating left temporo-
parietal regions, with increased activity in left Broca’s area. More evidence for preoperative

reorganization in distributed, intrahemispheric regions comes from a DES/fMRI-study that
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investigated tumors affecting the insula (Duffau et al., 2001). In that study, compensatory
activation was found in Broca's area, the left superior temporal gyrus, and the left putamen. In
addition, some preoperative PET studies report activity in “atypical” language regions, such as
in BA 46, BA 47 and the SMA (see Desmurget et al., 2007; Meyer et al., 2003; Thiel et al.,
1998).

Several indications of language reorganization in distributed intrahemispheric regions were also
found postoperatively or between repeated tumor resections. Avramescu-Murphy et al. (2016)
found evidence for postoperative language reorganization in the dominant and non-dominant
hemisphere. 17 patients with different gliomas in the frontotemporal and lower (bilateral)
parietal lobes were investigated with pre- and postoperative fMRI as well as intraoperative
DES. Postoperative fMRI showed increased activation and a shift of functional spots in all but
one patient. The strongest changes were found within the language dominant hemisphere,
independent of tumor location. Remarkably, while tumor resections in the dominant hemisphere
led to a shift from frontal to temporal activations, resections in the non-dominant hemisphere
induced a shift from temporal to frontal regions. The observed increase in postoperative
activation within the dominant hemisphere was interpreted as recovery from tumor-induced
suppression of functional regions. Likewise, an fMRI study by Gil-Robles et al. (2008) in two
patients with low grade gliomas in the left premotor area found increased language activation
in the left IFG, the left frontal operculum and in bilateral parietal regions in the postoperative
measurement. A single case study in a patient with a low-grade glioma in the left IFG revealed
new language activation in the ventral precentral gyrus in the postoperative fMRI session (Saito
et al., 2014). Another case report on a patient with a low-grade glioma in left Wernicke’s area
showed several ipsilateral regions in the postoperative session which contributed to the

compensation of language functions, including the left IFG and the AF (Sarubbo et al., 2012a).

In summary, language reorganization in distributed intrahemispheric regions occurs both pre-
and postoperatively in patients with frontal as well as temporal tumors. In particular, the size
and aggressiveness of a tumor seems to determine whether and, if so, which plasticity
mechanisms take place. For example, intraoperative DES suggests that reorganization in more
distant brain regions can occur preoperatively, especially with large tumors, while smaller

tumors allow reorganization in perilesional regions (Southwell et al., 2015).

3.4 RIGHT-HEMISPHERIC REORGANIZATION
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The strongest evidence is available for contralesional reorganization, since tumor growth often
promotes laterality changes, which are more or less independent of preclinical language
dominance (e.g., Traut et al., 2019). Preoperative translocation to homologous right-
hemispheric regions can often be observed even though the left hemisphere is still active (e.g.,

Holodny et al., 2002; Li et al., 2019; Petrovich et al., 2004; Thiel et al., 2006).

Much of the current evidence comes from fMRI studies. For example, one study in 23 patients
with tumors in the left IFG reported language activity in regions adjacent to the tumor and / or
in the right Broca homologue for all non-aphasic patients (Gunal et al., 2018). These results
suggest that contralesional reorganization is beneficial for the maintenance of function.

Another study differentiated between patients with tumors in Broca’s and Wernicke’s
area (Kosla et al., 2012). Most patients with low-grade gliomas in the left frontal lobe showed
activation in the right Broca homologue. Moreover, activation in left Wernicke’s area and its
right homologue was found regardless of tumor size or histopathology. Further evidence for a
functional shift of language activation in the contralateral hemisphere comes from a
preoperative fMRI study by Partovi et al. (2012), in which 57 patients with left-hemispheric
brain tumors affecting either Broca’s or Wernicke’s area were examined. Compared to healthy
controls, patients with frontal lesions showed a reduced laterality index (LI) during word
generation, while no significant difference was found for sentence generation. The opposite
picture emerged for patients with temporal lesions. Here, the LI was reduced in the sentence
generation task, but not in the word generation task. Thus, the results not only support the notion
of contralesional reorganization in patients with frontal as well as temporal tumors, but also
indicate functional specialization in these compensatory regions, depending on the specific
language task or function.

The impact of tumor location on right-hemispheric reorganization was investigated by
Wang et al. (2013). Here, 43 patients with cerebral tumors underwent preoperative fMRI.
Patients were divided into three groups based on tumor location (left frontal, left temporal and
right hemispheric). Significant functional changes in language processing were found for left-
sided tumors only. Interestingly, left frontal tumors affected both left Broca's and Wernicke's
area while temporal tumors mainly influenced Wernicke’s area. Furthermore, compensatory
activation increases were measured in the right frontal cortex. Contralesional reorganization is
further supported by an fMRI-study with broader inclusion criteria (Buklina et al., 2013).

Nevertheless, findings concerning contralesional language reorganization based on the
LI remain contradictory. A resting-state fMRI study found lower language LIs in patients with
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left anterior (compared to posterior) tumors (Gohel et al., 2019), while other studies observed
a trend towards the opposite pattern (Deng et al., 2015), or no difference in language laterality
between anterior and posterior lesions (Nadkarni et al., 2015). Furthermore, Potczynska et al.
(2021) emphasize that decreased language dominance in tumor patients, based on the LI, is not
necessarily a sign of functional reorganization. In their study, 60 patients with left-hemispheric
or right-hemispheric tumors underwent preoperative fMRI. Both groups were subdivided in 15
cases with anterior or posterior lesions each. Although tumors located in the left anterior
hemisphere significantly reduced the estimates of language dominance when derived from the
signal in Broca’s area, this finding did not go along with a lower risk of post-surgical language-
impairment. The authors emphasize that decreased language lateralization can not only occur
due to increased activity in the non-affected hemisphere, but also due to weaker activations in
language areas close to the lesion. This study did not show significant activation changes in the
right hemisphere that would suggest contralesional compensation or disinhibition to be the
primary cause of the altered language laterality in patients with tumors in the language-
dominant hemisphere. The strong variability between studies likely results from
methodological differences such as employed language task, variation in the patient groups,
and lesion locations.

In addition, Deng et al. (2015) compared patients with arteriovenous malformations
(AVM) (n = 63) and gliomas (n = 38). Both groups showed right-hemispheric activation when
performing a silent reading task. However, while patients with AVMs showed a clear pattern
of reorganization in right homologue regions (either Broca’s or Wernicke’s region depending
on the tumor location), such a clear dissociation could not be found in patients with gliomas.

PET studies further support contralateral reorganization in brain tumors. Thiel et al.
(2001) examined 61 patients, who were predominantly affected by low-grade gliomas. In
addition to intrahemispheric reorganization patterns, they found fronto-lateral language
activation in the non-dominant hemisphere in patients with frontal or posterior temporal lesions.
Two combined PET-TMS studies further support the notion of compensatory reorganization in
the right hemisphere (Thiel et al., 2005, 2006). The first study investigated language
lateralization in the IFG during verb generation in 14 glioma patients and five healthy control
subjects. All participants were susceptible to TMS over the left IFG. However, some patients
also showed functional deterioration when stimulated over the right IFG. Additionally, the
second study showed that the rightward shift of language function was positively correlated
with disease duration and language performance. The authors concluded that only slow growing

lesions allow successful integration of the right hemisphere. Krieg et al. (2013) performed
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preoperative rTMS mapping during object naming in 15 patients with tumors in left-
hemispheric language regions and 50 healthy controls. Patients showed overall significantly
lower hemispheric dominance than healthy controls, suggesting more right-lateralized language
function. However, there were no significant differences between targeted subregions, which
may be attributed to the small sample size. Rosler et al. (2014) report a similar picture. Here,
rTMS mapping was carried out in 50 patients with left-hemispheric gliomas and 15 healthy
volunteers. While healthy subjects produced more errors when stimulated on the left side,
patients showed a more bilateral error pattern. Interestingly, the nature of errors also differed
between the two groups. While healthy subjects mainly produced dysarthric errors, patients
tended to show more semantic errors. A recent study on 90 patients combined preoperative
rTMS with machine learning to classify the observed patterns of functional reorganization
(Wang et al., 2020). 32.2 % of patients were diagnosed as aphasic according to a test battery.
Aphasic patients showed an increased vulnerability of the right IFG to rTMS during picture
naming, which argues for the functional relevance of this area for language reorganization.
However, classification based on a support vector machine revealed no clear effect of tumor
location.

Further evidence for preoperative contralesional reorganization comes from MEG (Piai,
2019). Here, 14 patients with tumors in the language-dominant hemisphere performed a picture
word interference task during MEG. At the behavioral level, all but one patient showed the
typical interference effects. However, in contrast to healthy participants, this effect had a right-
hemispherical source. The results thus support reorganization of language functions in the right
hemisphere. Similar results were found in an MEG-study with 12 patients harboring gliomas
adjacent to left Broca’s or Wernicke’s region (Grummich et al., 2005). Here, nine of 12 patients

showed strong bilateral MEG activity in language regions during different language tasks.

Comparisons of pre- and postoperative language lateralization further support right-
hemispheric reorganization. For example, Duffau et al. (2001a) describe a case with a glioma
in the left insula. Resection of the insula was possible without inducing language disturbance.
The patient even recovered from preoperative aphasia. fMRI and DES showed that the left STG,
left putamen and right insula were involved in functional reorganization. Another fMRI study
(Gebska-Kosla et al., 2017) investigated 10 patients with low- and high-grade gliomas both pre-
and postoperatively. In 5 patients each, the brain tumor was located near Broca’s or Wernicke’s
area, respectively. All patients showed preoperative activity in left Broca’s area. Interestingly,

all patients without language impairment had additional activity in the right Broca homologue.
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Postoperatively, bilateral Broca’s activity increased in two patients. In two other patients,
activation increase in one of the two Broca’s areas was accompanied by an activation decrease
in the contralateral homologue. In all patients with temporal tumors, activity was found in right
Wernicke’s area both pre- and postoperatively. In two aphasic patients, activity decreased
postoperatively in both Broca’s areas and instead increased in one of the two Wernicke’s areas.
These results provide evidence for right-hemispheric language reorganization when the tumor
is located in left frontal regions. In cases with temporal tumor location, the results are less clear.
Buklina et al. (2017) provide evidence for postoperative right-hemispheric reorganization in
both patients with frontal (n=12) and temporal (n=8) tumor location. Simultaneous activation
in right Broca’s and right Wernicke’s area was more often detected in patients with left frontal
lesions. Activation in right homologues was found in all patients for up to one year after surgery
and often went along with no or only mild aphasic symptoms. However, they did not find a
correlation between language recovery and brain activation.

In a recent study (Zimmermann et al., 2020), fMRI and MEG were combined to
investigate pre- and postoperative reorganization processes in patients with left-hemispheric
brain tumors. Both methods found signs of reorganization in 29% (5 of 17) of patients. These
patients had intact language functions and showed no clear language activity in at least one of
the examined subregions in the dominant hemisphere. Instead, signals were measured in
contralateral regions. However, this shift of functional language regions to the right hemisphere
was limited to patients with oligodendrogliomas and astrocytomas. Patients with glioblastomas
or non-gliomatous lesions showed no signs of contralesional reorganization.

A few studies used non-invasive brain stimulation to map contralateral reorganization
in a pre- and post-operative comparison (e.g., Ille et al., 2019; Kawashima et al., 2013). For
example, Ille et al. (2019) conducted repeated rTMS prior to consecutive surgeries in patients
affected by gliomas in left perisylvian regions. While the number of language positive sites in
the vicinity of the tumor decreased over time, a shift of language function to the right
hemisphere was measured in many cases.

A large MEG study with 73 glioma patients who underwent repeated tumor resections
by Traut et al. (2019) further supports right-hemispheric reorganization in patients with
gliomas. These authors found that patients with tumors in the language-dominant hemisphere
experienced a pronounced laterality shift during MEG. This shift particularly affected patients
with a preoperatively high LI, while patients with a preoperatively more bilateral language

organization showed less postoperative signs of further reorganization.
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To summarize, there is strong evidence for right-hemispheric reorganization in patients with
tumors in left-hemispheric language areas. However, the adaptive vs. maladaptive role of the
right hemisphere for language reorganization is debated, since it does not always go along with
optimal performance in glioma patients (e.g., Krieg et al., 2013; Meyer et al., 2003). This
parallels the debate about right-hemispheric reorganization in patients with post-stroke aphasia.
Furthermore, not all brain regions have an equally strong potential for effective reorganization
in right homologues (e.g., Turkeltaub et al., 2011). Nevertheless, especially tumors in frontal
regions seem to frequently cause contralateral reorganization. The larger number of patients
who show intact language abilities in combination with right-hemispheric activity strongly

speaks for a functional rather than a dysfunctional role of language homologues in the right

hemisphere.
1. Persisting function within the lesion 2. Perilesional Reorganization
L
3. Intrahemispheric, distributed 4. Contralesional Reorganization
Reorganization

Figure 5. Schematic illustration of plasticity mechanisms in the language network. The tumor
(shown in dark grey) is located in the left IFG here. Light grey areas symbolize functional regions of the
“normal” language network. Patterns of functional reorganization are shown in yellow with black arrows
indicating the upregulation of activity in these regions.

4. NETWORK CONNECTIVITY AND SUB-CORTICAL
PLASTICITY

An increasing number of studies emphasizes the contribution of subcortical areas and fiber
connections to language reorganization. An overview of the reorganization potential of cortical

and subcortical regions within the language network is given in Figure 6. Structural connections
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not only allow the interaction within and between brain networks, but also restrict functional
reorganization after damage (e.g., Duffau, 2009a; Duffau & Taillandier, 2015). There is
converging evidence for a key role of structural and functional connectivity for language
reorganization in patients with cerebral tumors, as will be discussed in the following sections

(see Table 2 in the Appendix for details of each study).

4.1 STRUCTURAL CONNECTIVITY

Diffuse gliomas migrate along white matter pathways and invade them five times more often
than grey matter regions (Smits et al., 2015; Szalisznyo et al., 2013). Given the relatively low
plastic potential of the white matter (e.g., Picart et al., 2019), subcortical tumors often also limit
functional reorganization. Several studies demonstrated that healthy people usually show a low
inter-subject variability of white matter pathways (e.g., Cargnelutti et al., 2020a; Gil-Robles et
al., 2008). Additionally, glioma resection is significantly more often subtotal if the tumor
infiltrated subcortical connections compared to cortically located lesions (e.g., Herbet et al.,
2016; Ius et al., 2011), since damage of white matter pathways is associated with functional
impairment (e.g., Sierpowska et al., 2015). For example, Caverzasi et al. (2016) showed that
the AF and the temporoparietal component of the SLF (SLF-tp), which form the dorsal language
pathway, are particularly relevant for the preservation of language functions. Additionally,
Tuncer et al. (2021) found that lesions underlying the temporo-parieto-occipital junction
(temporo-parietal AF, middle IFOF, middle ILF) and the temporal stem/peri-insular white
matter (middle IFOF, anterior ILF, temporal UF, temporal AF) are associated with a high risk
of permanent aphasia. ITus et al. (2011) introduced one of the first atlases of functional
resectability based on the DES results of 58 patients with glioma. They defined a core of
essential, non-compensable (and therefore non-resectable) brain structures as the “minimal
common brain”. As shown by Latini et al. (2021), the infiltration of the subcortical insula and
the basal ganglia, which are considered as part of this “minimal common brain” is correlated
with significantly higher risk for neuropsychological and language impairment since tumors in
these regions attack subcortical fiber connections, which support large networks and critical
functional hubs (e.g., Duffau, 2014, 2020; Ghinda & Duffau, 2017; Kong et al., 2016; Latini et
al., 2021). The notion of a minimal common brain is supported by several other studies (e.g.,
Herbet et al., 2016; Sarubbo et al., 2015), although these reports point towards a certain degree
of subcortical plasticity (see also Cargnelutti et al., 2020a). As discussed in the following

section, connectivity changes in glioma patients can be detected by a variety of methods such
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as DES (e.g., Papagno et al., 2011, 2014), DTI (e.g., Jehna et al., 2017; Kinoshita et al., 2014),
MEQG (e.g., Amoruso et al., 2021) and rTMS (e.g., Sollmann et al., 2017).

Earlier work shows that cortical language reorganization always occurs along the same white-
matter pathways that originally connected areas within the respective network (Papagno et al.,
2011, 2014). These authors investigated factors limiting cortical reorganization in 38 tumor
patients with DES during object naming, with a focus on long-distance subcortical connectivity
between relevant cortical regions. DES led to category-specific naming difficulties not only
during the stimulation of cortical regions, but also during the stimulation of the underlying
subcortical white matter pathways. DES further identified domain-specific cortical regions that
presumably reflected reorganization processes. These regions were strategically located such
that they remained connected to the underlying subcortical tracts (Papagno et al., 2011). In a
follow-up with 17 patients who underwent resection of a glioma either in the frontal or temporal
pole, only the patients in whom parts of the uncinate fasciculus had to be resected had long-
lasting naming difficulties. Tumor location did not have a significant effect on the postoperative
functional outcome (Papagno et al., 2014). These results provide evidence for the critical role
of subcortical pathways in object naming and implicate that subcortical connectivity has a major
impact on cortical reorganization.

Kinoshita et al. (2014) examined if the preoperative status of the arcuate fasciculus can
be used as a predictor for postoperative language recovery. 12 patients with left hemispheric
tumors underwent preoperative DTI as well as pre- and postoperative language testing. The
authors found a positive relationship between higher preoperative structural integrity values
(fractional anisotropy, FA) of the left AF and postoperative improvement in the overall
language score. Thus, to some degree, higher preoperative FA values of the left AF seem to
predict postoperative language recovery.

Comparable results are provided by Jehna et al. (2017). Here, probabilistic fiber tracking
was used to investigate how language performance in 27 patients with gliomas in the language-
dominant hemisphere is related to structural perisylvian pathways. While patients without
clinical language impairment tended to have a more symmetrical or right lateralized AF, aphasic
patients more often showed a left-lateralized posterior segment of the respective fascicle. These
results may suggest that in patients without language impairment, the contralateral AF took
over a compensatory function. However, it is worth to note that while patients with little or no
language impairment were mostly affected by low-grade gliomas, patients with language

disorders more often suffered from higher-grade tumors. Moreover, tumor location differed
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significantly between patient groups which may account for greater functional impairment.
Additionally, Cargnelutti et al. (2020b) compared reading performance and structural tract
integrity in 13 low grade glioma patients one week and four months postoperatively.
Behaviorally, reading scores of all patients improved over time. Furthermore, a significant
increase in the length of streamlines of the direct AF segments in both hemispheres was
observed after four months. Although behavioral and structural results were not significantly
correlated, the results suggest some potential for reorganization of the AF. However, these
results should be interpreted with caution since the change in streamline length and FA values
could simply reflect the demasking of formerly hidden fibers due to postoperative edema and
other surgical tissue effects. Complementing these results, Zheng et al. (2013) found increased
anisotropy in the left inferior longitudinal fasciculus (ILF) and inferior fronto-occipital
fasciculus (IFOF) in patients with left frontal low grade gliomas and preserved language
functions, compared to controls. These results suggest that improved communication along
these pathways may support compensation. Furthermore, Herbet et al. (2018) showed that
information transfer via the ILF can be rerouted under certain circumstances, namely when the
temporal pole is so severely damaged that it abandons its function. These results are further in
line with former studies (e.g., Duffau et al., 2009; Ius et al., 2011), which demonstrated that
compensation of the ILF is possible, as long as only the anterior and not the posterior portion

is infiltrated by the tumor.

Further evidence for changes in structural connectivity are provided by a recent MEG-study
(Amoruso et al., 2021). Patients with tumors in left ventral (n=6) or dorsal brain regions (n=6)
were compared with 20 controls in a longitudinal design comprising two sessions of picture
naming during MEG for each patient (preoperatively and 3 months postoperatively). MEG in
healthy controls showed segregated beta power decreases in left ventral and dorsal pathways in
a time window associated with lexico-semantic processing. Longitudinal patient data showed
beta-compensation, which seemed to mimic category-based segregation in controls, since
ventral and dorsal damage led to selective compensation for object and action naming,
respectively. All patients exhibited preoperative changes in structural connectivity, evident as
laterality differences of the IFOF, AF and SLF relative to controls, which probably reflects
plasticity triggered by tumor growth. Postoperatively, some patients still showed a rightward
shift of SLF lateralization, which was correlated with changes in beta power lateralization
towards the contralesional hemisphere. Longitudinal beta modulations in patients with ventral

lesions were located in areas of the semantic control network (Noonan et al., 2013; Wright et
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al., 2012) which showed activation in controls during object naming. These results might reflect
compensation by spared regions within the language network. Patients with dorsal lesions
showed longitudinal beta power modulations in bilateral frontal regions which might reflect
language reorganization due to demasking of a homologous network.

In summary, the subcortical potential for plasticity is limited and cortical reorganization follows
the course of relatively fixed white matter pathways. However, changes in intra- as well as

inter-hemispheric connectivity can support the maintenance of language function.

lower potential for higher potential for
reorganization reorganization

Figure 6. Schematic illustration of the potential for reorganization of cortical and subcortical
brain regions. The blurry spots show the main cortical regions of the language network. The subcortical
fiber connections are represented by arrows. Yellow regions represent higher reorganization potential.
Purple regions represent lower reorganization potential. Note that this is a highly simplified illustration
and that the potential for reorganization is dependent on multiple factors. In addition, the level of
evidence varies for the individual brain regions. AF = arcuate fasciculus; FAT = frontal aslant tract;
IFOF = inferior fronto-occipital fasciculus; ILF = inferior longitudinal fasciculus; MdLF = medial
longitudinal fasciculus; SLF = superior longitudinal fasciculus; SLF II = superior longitudinal
fasciculus, branch 2; SLF III = superior longitudinal fasciculus, branch 3; SLF-tp = superior longitudinal
fasciculus, temporo-parietal part; UF = uncinate fasciculus.
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4.2 FUNCTIONAL CONNECTIVITY

An increasing number of fMRI and MEG studies focusses on functional connectivity in patients
with cerebral tumors. For example, Briganti et al. (2012) showed that functional connectivity
is influenced by the preoperative tumor location. Using fMRI, they examined 39 patients with
left hemispheric anterior and posterior gliomas and 13 healthy control subjects during verb
generation and rest. Results showed that functional connectivity of the language network was
significantly reduced in tumor patients compared to healthy control subjects, which was driven
by patients with posterior gliomas. These patients also showed significantly stronger decreases
in functional connectivity compared to patients with anterior gliomas. Functional connectivity
was particularly affected within left hemispheric regions and between both temporoparietal
junctions, implicating that tumors primarily impair connectivity in the ipsilateral hemisphere.

A recent study by Jin et al. (2021) further supports the assumption that tumor location
influences functional connectivity. Here, 109 patients with gliomas in language-related regions
and 42 healthy control subjects were examined with preoperative resting-state fMRI. Patients
showed significantly reduced functional connectivity in the language network, which strongly
depended on tumor location: Left-hemispheric gliomas had a significantly greater impact on
functional connectivity than right hemispheric gliomas.

Other work points towards differences in tumor type on network integrity for language
and cognitive control functions (Yuan et al., 2020). In that study, 130 patients with left cerebral
gliomas were investigated, including 77 patients with low-grade glioma (WHO grade I/II), 53
patients with high-grade glioma (WHO grade I1I/IV) as well as 38 healthy controls. In patients,
tumor grade was negatively correlated with language scores and language network integrity
during resting-state fMRI. Compared to healthy controls, patients with low-grade gliomas
exhibited slight language deficits, changes in resting state functional connectivity of the
language network (decreases and increases), and nearly normal connectivity in cognitive
control networks. Patients with high-grade gliomas, on the other hand, had significantly lower
language scores than those with low-grade gliomas and more severe disruptions of the language
and control networks. Furthermore, decreased resting-state connectivity of the language
network was positively correlated with language scores in patients with high-grade gliomas.
Consequently, tumor grade-related network reorganization of language and control networks
appears to be associated with different levels of language impairments. Differences in network
connectivity relative to healthy controls were stronger in high-grade glioma patients than in
low-grade glioma patients, while tumor location and volume had minimal effects on linguistic
abilities. These results seem to contrast other studies. For example, Smits et al. (2015) found
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that tumor location, but not tumor volume, correlated with neurological function in patients
with low-grade gliomas, and Deverdun et al. (2019) reported that tumor location in the left
posterior middle temporal gyrus was inversely correlated with language deficits in low-grade
glioma patients. These differences may be explained by a relatively rough group allocation in
Yuan et al. (2020), which may have disguised tumor location effects.

Voets et al. (2019) compared functional connectivity patterns (“connectivity
fingerprints”) of healthy people and patients with tumors in the language-dominant hemisphere
during a verbal fluency task. Patients showed highly variable and atypical fingerprints of brain
plasticity, which were mainly influenced by tumor grade and tumor location. About 50% of the
patients showed statistically atypical connectivity patterns in the pars opercularis. The LIs also
varied among patients, with 14% of patients showing bilateral or right hemispheric dominance.
Interestingly, ipsilateral putamen, right pars opercularis and right ventral premotor cortex were
significant predictors of group (patient vs. control). Tumor grade predicted connectivity
between left pars opercularis and ipsilateral caudatum, although it did not explain increased
contralateral coupling.

Tarapore et al. (2012) used preoperative resting state MEG to investigate functional
connectivity in 79 patients with gliomas in motor, sensory or language regions. They found a
correlation between the connectivity values of the resected tissue and the neurological
impairment one week and six months postoperatively. More precisely, patients with increased
functional connectivity values had a higher risk of postoperative impairment compared to those

with decreased connectivity values.

A couple of studies investigated functional connectivity in a pre- vs. postoperative comparison.
For example, Voets et al. (2021) used different language tasks during fMRI in 19 patients with
gliomas in the language dominant hemisphere and 17 controls. Preoperatively, patients showed
slower phonological fluency performance than controls, while no differences in semantic
accuracy were found. While controls improved over time, patients’ performance did not change
postoperatively. Task-related connectivity fingerprints were highly reproducible in controls,
while patients showed more unique patterns. Preoperatively, fluency fingerprints deviated
significantly from the typical network in 11/19 patients and semantic fingerprints deviated in
5/19 patients. Postoperatively, in 9 of 19 patients (47.4%, 3 low-grade, 6 high-grade) fluency
related fingerprints and in 3 of 19 patients (15.8%, all ‘high grade’) semantic fingerprints
differed from the normal task-network. Again, no consistent reorganization pattern was found.

While these results do not allow clear conclusions on process-specific reorganization patterns,
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they suggest that surgery can affect word-generation (dorsal) and semantic-association (ventral)
systems independently and to different extents. The presence of language impairments, at
diagnosis or after surgery, was the strongest predictor of altered network connectivity. In
contrast, tumor grade did not have a significant influence on the likelihood of atypical
fingerprints, presumably because of the small sample size. However, histological grading
influenced sub-components of each task fingerprint. While 21% of patients showed atypical
language networks in the postoperative measurement, language networks “normalized” in 10%
of patients. In some cases, fingerprints were always “normal” compared to controls, but still
differed in the pre- and postoperative measurement. Approximately half of the patients who had
an atypical network before surgery remained atypical after surgery. Some patients showed post-
operative normalization of preoperatively atypical networks while others exhibited new
reorganization patterns after surgery for uncertain reasons.

Complementing these results, Deverdun et al. (2019) investigated pre- to postoperative
functional connectivity changes in patients with diffuse low-grade gliomas (n=32), compared
to healthy controls (n=19) during lexical access. The results showed significant differences in
functional and anatomical connectivity. Impaired picture naming performance in patients went
along with decreased activations in the left parahippocampal gyrus in the preoperative phase
and increased postoperative involvement of the left lingual gyrus. Likewise, connectivity
patterns were also altered. However, since altered functional connectivity was associated with
impaired language performance, it remains unclear if these changes reflect an attempt for
(unsuccessful) compensation or maladaptive plasticity.

Van Dokkum et al. (2019) used resting state fMRI to identify functional connectivity in
glioma patients before and three months after surgery and compared the connectivity patterns
with those of healthy controls. Better task performance during behavioral language testing was
associated with the integrity of the semantic network in patients. Furthermore, a stronger
involvement of the fronto-parietal attention network may have compensated for impaired
language functions in glioma patients.

Finally, three studies used MEG to investigate pre- to postoperative changes in
functional connectivity. Douw et al. (2008) compared pre- to postoperative changes in
functional connectivity in 15 patients with brain tumors (9 left, 6 right) with MEG at rest. The
phase lag index (PLI) was used to reveal synchronous intra- and interhemispheric neural
activity. After tumor resection, functional connectivity changed in a complex way, depending
on the frequency band and whether inter- and/or intrahemispheric connectivity was considered.

Postoperative analyses revealed a significant decrease in interhemispheric theta
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synchronization, which may have reflected a tendency towards a normalized state of theta
activity after tumor resection. Lizarazu et al. (2020) investigated functional connectivity
changes from the pre- to the post-operative phase (after three and six months) in patients with
left-sided, low-grade gliomas. Regardless of the tumor location, all patients showed alpha
connectivity enhancement in perilesional regions already three months after surgery, which was
interpreted as functional language reorganization. The same reorganization patterns were still
present six months postoperatively. In contrast, no significant increases in functional
connectivity were found in contralesional regions. As a potential explanation, the authors argue
that contralesional reorganization may already have taken place preoperatively (Lizarazu et al.,
2020). A longitudinal study by Lee et al. (2021) investigated 26 patients with left-sided low-
and high-grade gliomas in various brain regions with resting-state MEG and intraoperative
DES. Additionally, subjects performed language evaluation at multiple time points. Resection
of DES-negative sites which showed high functional connectivity resulted in an early transient
postoperative language decline, which resolved after three months in all but two cases.
Postoperative naming and syntactic impairment were linearly correlated with the percentage of
resected high functional connectivity sites. These results implicate that DES does not always
detect areas of high functional connectivity. The authors assume that DES-positive sites might
have greater functional connectivity to the surrounding cortex (see also Rolston & Chang,
2018), which may be particularly relevant for the employed language tasks. Overall, the results
show that aphasia after glioma resection is often transient and can even resolve after the
resection of nodes with high functional connectivity. Additionally, unaffected hub nodes may

represent compensatory regions for language processing (Lee et al., 2021).

In summary, functional connectivity changes in patients with left-hemispheric gliomas can be
observed pre- and postoperatively. Although connectivity patterns differ strongly between
patients, tumor grade as well as tumor localization are some of the most relevant influencing
factors. However, since language impairment seems to be a predictor for altered functional
network connectivity, some changes in functional connectivity might rather be maladaptive
than supportive for language function, and the exact contribution of such changes remains

unclear.

5. CONCLUSIONS AND FUTURE DIRECTIONS
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Overall, patients with language eloquent cerebral gliomas seem to have a relatively high
potential for neuroplasticity, since many of them show no or only slight preoperative language
impairment and gliomas can often be resected without causing permanent harm. Based on the
afore discussed evidence, functional reorganization usually proceeds in a hierarchical order by
first recruiting peri- and intralesional regions and later contralesional regions for compensation
(e.g., Cargnelutti et al., 2020a). However, these mechanisms are mainly observed in slow
growing, well-circumscribed lesions which predominantly affect cortical brain areas. High-
grade tumors, which infiltrate the brain more aggressively, provide less time for reorganization
and lead to a faster exhaustion of the potential for neural plasticity. Additionally, age seems to
be a risk factor for less effective functional reshaping (e.g., Latini et al., 2021). With respect to
different language functions, few studies showed that these can be functionally reorganized
independently of each other (e.g., Papagno et al., 2014).

Tumor surgery often promotes further functional reorganization, as shown by repeated
surgeries. Nevertheless, postsurgical reorganization seems to be strongly related to the amount
of plasticity that was already exhausted preoperatively. Consequently, early resection of
relatively small lesions allows more postoperative plasticity (e.g., Kosla et al., 2015; Southwell
et al., 2015). However, the main limitation for functional reorganization is the infiltration of
subcortical fiber connections, since cortical reorganization seems to depend on the integrity of
a “minimal common brain” (Ius et al., 2011) and relies on relatively immutable white matter
pathways (e.g., Papagno et al., 2011).

The existing studies show that, like stroke, gliomas affect entire neural networks and
influence both domain-specific and domain-general functions. Compared to the plasticity
mechanisms after stroke, however, reorganization in patients with gliomas differs significantly.
While language recovery in stroke patients occurs in three phases (acute, post-acute, chronic)
(e.g., Hillis & Heidler, 2002; Pedersen et al., 2004; Petersen et al., 1988), in tumor patients, a
main distinction can be made between the preoperative and the postoperative phase (e.g.,
Cargnelutti et al., 2020a). Long-term reorganization processes are already taking place
preoperatively due to tumor growth, which often help to preserve function (e.g., Gil-Robles et
al., 2008; Mandonnet et al., 2003). Postoperatively, tumor patients often show transient aphasic
symptoms. As in the acute and post-acute phase after a stroke, most language recovery then
takes place in the first weeks to months after the surgery (e.g., Duffau et al., 2003; Krishna et
al., 2021; Satoer et al., 2014). However, since tumor resections are carried out in a controlled
manner and function is preserved to the highest possible degree, most glioma patients, in

contrast to stroke patients, recover completely from their aphasia (e.g., Ojemann et al., 1996).
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With respect to the debate about the role of the right hemisphere in language recovery after
brain lesions, the tumor literature strongly argues for a compensatory and supportive role of
right-hemispheric regions. Many studies reported about patients with only slightly or
unimpaired language functions, who showed right-hemispheric brain activity (e.g., Cargnelutti
et al., 2020b; Gunal et al., 2018; Rosenberg et al., 2008). Nevertheless, right-hemispheric
reorganization seems to occur rather late in the course of the disease, when intrahemispheric
plasticity is already utilized (e.g., Cargnelutti et al., 2020a).

We note that the above-discussed results need to be interpreted with caution for several
reasons. Most included studies are underpowered due to small sample sizes. Moreover, the high
variability of patient and tumor characteristics makes it hard to draw general conclusions.
Patients differ strongly concerning several parameters like tumor grade, tumor size and
resection volume, age, stage of disease and surgical treatment. In many studies, patient data
were reported pre- or postoperatively only. As shown in this review, all these factors seem to
influence neural plasticity. Furthermore, adjuvant treatment like chemo- and radiotherapy, but
also speech and language therapy were not consistent within and between studies, and many
studies do not even report such factors. Therefore, possible effects of adjuvant treatment on
language reorganization are largely unknown. Moreover, the use of different methods across
studies biases the results. For example, DES is, due to its local and direct application, well
suited to reveal intra- and perilesional function. Nevertheless, language function in more
distributed intra- or interhemispheric regions cannot be detected by means of DES, since only
a limited portion of the patient’s cortex is exposed during surgery (e.g., Cirillo et al., 2019). On
the other hand, fMRI can uncover language activity and interactions in large-scale networks.
However, it is more prone to false-negative activations in intralesional and perilesional regions
due to neurovascular uncoupling (e.g., Black et al., 2017). Additionally, BOLD-activity
detected by fMRI is not necessarily essential for language function. This is especially critical
for tumor surgery since an optimal treatment always follows the goal of maximal resection
while causing minimal functional impairment. To minimize these methodological biases, we
included studies using different approaches in this review.

Another limitation is the lack of standardized paradigms to test language function in
tumor patients. Most institutions use their own paradigms and sometimes these paradigms are
not even consistent within studies. This complicates the interpretation of results and allows a
relatively scarce mapping of language function in these patients only.

Future studies should include standardized paradigms in larger patient cohorts to increase the

current knowledge about plasticity of the language network in patients with cerebral gliomas.
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This is particularly important since a better understanding of functional reorganization in this
population is crucial for supplying patients with an optimal surgical as well as adjuvant
treatment. Studies with larger participant numbers and well differentiated patient characteristics
concerning age, tumor grade and tumor localization are needed. Moreover, studies should
include age-matched healthy control groups. This is particularly important since gliomas are
often diagnosed in middle- to older-aged people, an age-group which is even underrepresented
in studies on unimpaired language processing.

Another aspect that has not been studied extensively to date is how gliomas affect
language-related activity within the cerebellum. The cerebellum is known to show a crossed
activation pattern with the contralateral cerebral hemisphere during language processing.
However, there is some evidence that this crossed activation pattern can be altered in glioma
patients (Cho et al., 2018; Zhang et al., 2018). Furthermore, studies that combine different
investigation methods are desirable to minimize methodological biases. We also plead for the
use of more standardized paradigms to map language function. This would lead to a better
comparability of results across different institutions and ensure uniform quality standards. The
freely available paradigms provided by the American Society of Neuroradiology (Black et al.,
2017) are a first step into this direction. Additionally, more fine-grained paradigms would be
useful to investigate brain reorganization for specific language functions individually (e.g., by
dissociating phonological and semantic processes in language comprehension and production).
This is particularly important because many patients only show subtle impairments, some of
which cannot even be detected in commonly used tests for aphasia diagnostics. However, also
slight language impairments can critically affect a patient’s quality of life and might be decisive
for successful rehabilitation. Consequently, more research about functional reorganization in
tumor patients will not only extend our theoretical knowledge about how language is processed

in the lesioned brain, but it will also improve clinical treatment.
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APPENDICES

Table 1: Studies that report cortical plasticity in patients with cerebral gliomas

Study N Plasticity mechanism Tumor location Tumor grade Methods Surgery Task
Southwell et al. 561 patients  Persisting function, Frontal, parietal, All kinds of gliomas  Intraoperative DES ~ Repeated Object naming,
(2016), Journal of perilesional and temporal or surgeries in 18  reading, counting,
Neurosurgery intrahemispheric insula cases calculation
reorganization
Deng et al. (2015), 101 patients Contralesional Left fontal, 38 glioma patients, Preoperative fMRI  Single surgery  Silent reading
Journal of reorganization temporal, or 63 patients with
Neurosurgery parietal lobe arteriovenous
malformations

Wang et al. (2020), 90 patients ~ Contralesional Left perisylvian ~ All kinds of gliomas  Preoperative 'rTMS  Single surgery  Picture naming
Preprint reorganization regions
Duffau et al. (2003), 77 patients  Persisting function, primary and/or ~ Low grade gliomas Pre- and Single surgery  Not described
Journal of Perilesional secondary (WHO grade II) postoperative MRI,
Neurology, Reorganization sensorimotor Intraoperative DES
Neurosurgery & and/or language
Psychiatry areas
Traut et al. (2019), 73 patients  Contralesional Various All kinds of gliomas  Preoperative MEG ~ Repeated Verb generation
Human Brain reorganization locations surgeries
Mapping
Nadkarni et al. 67 tumor Contralesional Left All kinds of gliomas  Preoperative fMRI  Single surgery  antonym-word
(2015), patients, 27  reorganization hemispheric generation, letter-
Preprint stroke regions word generation,

patients text-reading, text-

listening
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Thiel et al. (2001), 61 patients, Perilesional, Various Low-grade gliomas, 8 Preoperative PET Single surgery  Verb generation
Annals of Neurology 12 healthy  intrahemispheric and locations patients with lesions
subjects contralesional other than gliomas
reorganization
Potczynska et al. 60 patients ~ Negative finding of Left and right All kinds of gliomas  Preoperative fMRI  Single surgery  Object naming, verb
(2021), Journal of (left: n=30,  contralesional hemispheric, generation, silent
Neurosurgery right: n=30) reorganization anterior, and reading, silent
posterior lesions auditory naming
Partovi et al. (2012), 57 patients, Contralesional Left Broca's or All kinds of gliomas  Preoperative fMRI ~ Single surgery  Sentence and word
American Journal of 14 healthy = reorganization Wernicke's area generation
Neuroradiology subjects
Gohel et al. (2019), 51 patients  Contralesional Various All kinds of gliomas  Preoperative fMRI ~ Single surgery  Resting state
American Journal of reorganization locations (left:
Neuroradiology n=28; right:
n=23)
Rosler et al. (2014), 50 patients, Contralesional Left All kinds of gliomas  Preoperative 'rTMS  Single surgery  Picture naming
Clinical 15 healthy ~ reorganization hemispheric
Neurophysiology subjects regions
Wang et al. (2013), 43 patients ~ Contralesional Left frontal All kinds of gliomas  Preoperative fMRI  Single surgery  Picture naming
PLOS ONE reorganization cortex, left
temporal cortex,
right
hemisphere
Duffau et al. (2006), 42 patients  Persisting function, Left Insula Low-grade gliomas Intraoperative DES  Single surgery  Not described
Clinical Neurology Perilesional
and Neurosurgery Reorganization
Picart et al. (2019), 42 patients  Persisting function Supratentorial Gliomas (WHO grade Intraoperative DES  Repeated Not described
Neurosurgery (high level regions II-1IT) surgeries
of
plasticity:
n=23; low
level of
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plasticity:
19)

Skirboll et al. 38 patients  Persisting function Various All kinds of gliomas Intraoperative DES  Single surgery  Counting, object
(1996), locations naming, reading
Neurosurgery
Latini et al. (2021), 36 patients  Persisting function, different Low-grade gliomas Preoperative MRI Single surgery  Confrontation
Journal of Clinical Perilesional locations in both and DTI, naming, language
Medicine Reorganization hemispheres Intraoperative DES comprehension,
(left: n=34, phonological and
right: n=2) semantic word
fluency, reading,
writing and
phonological ability
Gunal et al. (2018), 23 patients  Perilesional, Left inferior All kinds of gliomas  Preoperative fMRI  Single surgery  Picture naming
Surgical Neurology intrahemispheric and frontal gyrus
International contralesional
reorganization
Buklina et al. (2013), 21 patients  Contralesional Different All kinds of gliomas  Preoperative fMRI  Single surgery = Reversal naming of
Journal of reorganization locations months
Neurosurgery (Mainly frontal,
frontotemporal,
and temporal)
Buklina et al. (2017), 20 patients  Contralesional Left frontal and  All kinds of gliomas  Pre- and Single surgery  Reversal naming of
Burdenko’s Journal reorganization temporal postoperative fMRI  (n=15), months, phonemic
of Neurosurgery regions repeated fluency, verb
surgery (n=5)  generation, formation
of sentences, story
listening
Ille et al. (2019), 18 patients  Persisting function, Left All kinds of gliomas  Pre- and Repeated Object naming
Frontiers in perilesional and hemispheric postoperative rTMS  surgeries in 15
Oncology contralesional perisylvian cases
reorganization regions

37



Zimmermann et al. 18 patients, Intrahemispheric and Left All kinds of gliomas  Pre- and Single surgery ~ Verb conjugation,
(2020), World 3 healthy contralesional hemispheric postoperative fMRI building sentences
Neurosurgery subjects reorganization regions and MEG
Avramescu-Murphy 17 patients ~ Mainly intrahemispheric Frontotemporal ~ All kinds of gliomas,  Pre- and Single surgery  Semantic matching,
et al. (2016), Clinical reorganization and lower 1 metastasis postoperative fMRI, color matching
Neuroradiology parietal lobes in intraoperative DES
both
hemispheres
Thiel et al. (2006), 17 patients,  Contralesional Left All kinds of gliomas  Pre- or Single surgery ~ Verb generation
Brain and Language 8 healthy reorganization hemispheric postoperative PET
subjects regions and rTMS
Lubrano et al. 16 patients ~ Persisting function, Left inferior Diffuse gliomas Intraoperative DES ~ Single surgery  Object naming
(2010), Perilesional frontal cortex (n=10) and
Neurosurgery Reorganization cavernomas or well
circumscribed lesions
(n=06)
Thiel et al. (1998), 16 patients  Intrahemispheric Various All kinds of gliomas  Preoperative PET Single surgery  Word repetition, verb
Neurolmage (right- reorganization locations generation
handed:
n=10; left-
handed:
n=6)
Krieg et al. (2013), 15 patients,  Contralesional Left All kinds of gliomas ~ Preoperative rTMS  Single surgery  Object naming
PLOS ONE 50 healthy = reorganization hemispheric
subjects language
regions
Ojemann et al. 14 patients,  Persisting function Frontal lobe, All kinds of gliomas  Intraoperative DES  Single surgery = Object naming
(1996), 9 of them temporal lobe,
Neurosurgery with motor cortex,
language somatosensory
eloquent cortex
lesions
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Piai et al. (2019), 14 patients  Contralesional Left All kinds of gliomas  Preoperative MEG  Single surgery  Picture word
Preprint reorganization hemispheric interference task
regions
Thiel et al. (2005), 14 patients,  Contralesional Various All kinds of gliomas  Preoperative PET Single surgery  Verb generation
Annals of Neurology 5 healthy reorganization locations and rTMS
subjects
Grummich et al. 12 patients ~ Contralesional Adjacent to All kinds of gliomas ~ Preoperative MEG  Single surgery  Silent picture
(2005), reorganization Broca’s or naming, silent
Neuroscience Letters Wernicke’s reading, counting
region
Koéla et al. (2012), 11 patients  Contralesional Left Broca's or All kinds of gliomas  Preoperative fMRI  Single surgery = Word generation
Polish Journal of reorganization Wernicke's area
Radiology
Ggebska-Kosla et al. 10 patients ~ Contralesional near or in left All kinds of gliomas ~ Pre- and Single surgery  Word generation
(2017), Neurologia i reorganization Broca's (n=5) or postoperative fMRI (names), rest as
Neurochirurgia Wernicke’s control condition
Polska (N=5) region
Van Geemen et al. 8 patients Persisting function Left ventral Low-grade gliomas Intraoperative DES ~ Single surgery  Counting, picture
(2014), Human premotor cortex naming
Brain Mapping
Benzagmout et al. 7 patients Persisting function, Left Broca's Low-grade gliomas Preoperative fMRI,  Single surgery = Repetition, story
(2007), Perilesional area Intraoperative DES listening, fluency,
Neurosurgery Reorganization counting, picture
naming
Meyer et al. (2003), 7 patients Perilesional, Left frontal All kinds of gliomas  Preoperative PET Single surgery  Verb generation, rest
European Journal of intrahemispheric and (n=6) or as control condition
Nuclear Medicine contralesional temporal (n=1)
and Molecular reorganization regions
Imaging
Sarubbo et al. 4 patients Persisting function, Left temporal 1 low-grade glioma, 3 Intraoperative DES ~ Repeated Not described
(2012b), Acta Perilesional regions high-grade gliomas surgeries
Neurochirurgica Reorganization
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Satoer et al. (2017),
Case Reports in
Neurological
Medicine

4 patients

Perilesional reorganization

left hemispheric
regions (Broca’s
area,
Wernicke’s
area, arcuate
fasciculus)

Low-grade gliomas
(n=2) and high-grade
gliomas (N=2)

Preoperative fMRI,
Intraoperative DES

Single surgery

Object naming,
repetition,
spontaneous speech

Wu et al. (2008), 4 patients, 4  Persisting Function, Broca's area Low-grade gliomas Preoperative fMRI ~ Repeated Auditory word
Chinese Medical healthy perilesional and and DTI, surgeries judgement, auditory
Journal subjects contralesional Intraoperative DES word repetition,
reorganization picture naming,
counting
Duffau et al. (2002), 3 patients Persisting function, Left temporal, Low-grade gliomas Intraoperative DES  Single surgery  Counting, picture
Journal of Perilesional left precentral, naming
Neurology, Reorganization right postcentral
Neurosurgery &
Psychiatry
Lazar et al. (2000), 3 patients Contralesional Left frontal lobe arteriovenous Preoperative fMRI  Single surgery ~ Verbal fluency,
Neuropsychologia reorganization malformations comprehension,
naming, reading,
repetition
Gil-Robles et al. 2 patients Persisting function, Left premotor Low-grade gliomas Pre- and Repeated Semantic fluency
(2008), Journal of perilesional, area postoperative fMRI,  surgeries
Neurosurgery intrahemispheric and Intraoperative DES
contralesional
reorganization
Pillai (2010), 2 patients Contralesional Casel: left All kinds of gliomas  Pre- and Single surgery  Casel: Semantic
American Journal of reorganization parietal; Case2: postoperative association task;
Neuroradiology left (Casel: after 5.5 Case2: Phonological
frontotemporal and 15.5 months; task
Case2: after 5.5 and
31 months) fMRI
Spena et al. (2015), 1 patient Perilesional reorganization  Left posterior Anaplastic glioma Intraoperative DES,  Single surgery  Verb generation,

Neurocase

frontal lobe

Pre- and
postoperative fMRI

counting

40



Acioly et al. (2014), 1 patient Contralesional Left frontal lobe = Low-grade glioma Preoperative fMRI,  Single surgery  Verbal fluency,
Journal of reorganization (WHO grade II) intraoperative DES Picture naming
neurological surgery
Barcia et al. (2012), 1 patient Persisting function, Left Broca's Glioma (WHO grade  cHFCS, Repeated Phonemic fluency,
NeuroReport Intrahemispheric and area I11) preoperative fMRI ~ surgeries Verb generation
contralesional
reorganization
De Witte et al. 1 patient Contralesional Lower posterior  High-grade glioma Intraoperative DES, Repeated DES: counting,
(2014), Clinical reorganization frontal lobe at (WHO grade IT1I-IV)  Postoperative fMRI  surgeries automatic sequences,
Neurology and the cavity of a and DTI word repetition,
Neurosurgery former resection — tumor recurrence picture naming, word
from a former low- reading, verb
grade glioma generation, action
naming; fMRI: noun-
verb-association task
Vs rest
Duffau et al. 1 patient Perilesional, Left Insula Glioma Preoperative fMRI,  Single surgery fMRI: semantic
(2001a), intrahemispheric and Intraoperative DES fluency, covert
Neurophysiology, contralesional sentence repetition,
Basic and Clinical reorganization story listening; DES:
counting, picture
naming
Duffau et al. 1 patient Persisting function, Supramarginal Low-grade glioma Intraoperative DES  Single surgery  Counting, naming
(2001b), Stereotactic Intrahemispheric gyrus
and Functional reorganization
Neurosurgery
Holodny et al. 1 patient Contralesional Left inferior Glioma (WHO grade  Preoperative fMRI  Single surgery  Silent word
(2002), Journal of reorganization frontal gyrus 1/1V) generation, single

computer assisted
tomography

word semantic
decision
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Kawashima et al. 1 patient Contralesional Left frontal High-grade glioma Pre- and Repeated Object naming
(2013), Clinical reorganization operculum postoperative rTMS  surgeries
Neurology and
Neurosurgery
Kosla et al. (2015), 1 patient Contralesional Left frontal lobe Low-grade glioma Pre- and Single surgery  Word generation
Polish Journal of reorganization with postoperative fMRI
Radiology topographical (After 3,32 and 41
relationship to months)
Broca's area

Li et al. (2019), 1 patient Contralesional Left fronto- Low-grade glioma Pre- and Repeated Verbal fluency,
Frontiers in reorganization temporal insula postoperative fMRI, surgeries semantic fluency
Neurology intraoperative DES
Petrovich et al. 1 patient Contralesional Temporo- Glioma Preoperative fMRI,  Single surgery Homonym judgment,
(2004), reorganization parietal region Intraoperative DES synonym generation,
American Journal of picture naming
Neuroradiology
Plaza et al. (2009), 1 patient Perilesional reorganization  Left inferior Low-grade glioma Intraoperative DES  Single surgery  Counting, picture
Neurocase frontal gyrus naming
Rosenberg et al. 1 patient Contralesional Left fronto- Low-grade glioma Preoperative fMRI ~ Single surgery ~ Verb generation
(2008), Neurocase reorganization temporal area
Saito et al. (2014), 1 patient Persisting function, Left inferior Low-grade glioma Intraoperative DES, Repeated Object naming,
Neurologia medico- perilesional and frontal gyrus (WHO grade II) Intraoperative MRI  surgeries reading
chirurgica intrahemispheric

reorganization
Sarubbo et al. 1 patient Persisting function, Left Wernicke's  Low-grade glioma Pre- and Repeated Picture naming, silent
(2012a), perilesional, area (WHO grade II) postoperative fMRI,  surgeries reading, semantic
Neurosurgical intrahemispheric and Intraoperative DES matching
Review contralesional

reorganization

Abbreviations: cHFCS: continuous High-Frequency Cortical Electrical Stimulation; DES: Direct electrical Stimulation; DTI: Diffusion Tensor Imaging; (f)MRI: (functional)
Magnetic Resonance Tomography; MEG: Magnetoencephalography; PET: Positron Emission Tomography; rTMS: repetitive Transcranial Magnetic Stimulation; WHO: World
Health Organization.
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Table 2: Studies that report changes in structural or functional connectivity in patients with cerebral gliomas

Structural Connectivity

Study N Main findings Tumor location Tumor grade Methods Surgery Task
Tus et al. (2011), 58 patients Atlas of functional resectability Various locations Low-grade Intraoperative DES, Single Picture naming
Neurolmage gliomas Postoperative MRI surgery
Picart et al. 42 patients Neuroplasticity was most Supratentorial Gliomas Intraoperative DES Repeated  Not described
(2019), effective in patients with sharply ~ regions (WHO grade surgeries
Neurosurgery bordered tumors. Tumor invasion 11-11T)

of white matter tracts was the

main limitation of neuroplasticity
Papagno et al. 38 patients Cortical language reorganization ~ Various locations All kinds of Intraoperative DES Single Object naming
(2011), happens along the same white- gliomas surgery
Neurolmage matter pathways that originally

connected areas within the

respective network
Sollmann et al. 38 patients Interhemispheric connectivity Left hemispheric All kinds of Preoperative rTMS- Single Object naming
(2017), Journal of detected by preoperative TMS- perisylvian regions gliomas based DTI-FT surgery
Neurosurgery based DTI-FT might be a

risk factor for surgery-related

aphasia
Jehna et al. 27 patients Supportive role of right- Left hemispheric Low-grade Preoperative MRI Single No task
(2017), Journal of hemispheric pathways (focus on regions gliomas and DTI-FT surgery
Neurosurgery AF) in patients with left-sided

tumors
Duffau et al. 24 patients Indirect evidence for the Dominant insula Low-grade Intraoperative DES Repeated Counting,
(2009), compensation of UF and ILF gliomas surgeries  picture naming
Neurosurgical in3
Focus cases
Papagno et al. 17 patients Patients, in which parts of the UF  Left frontal or All kinds of Postoperative MRI Single Word
(2014), Brain were resected, recovered in verbal  temporal regions gliomas and DTI-FT surgery generation
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Structure and
Function

fluency and object naming, but
not in naming of famous faces

(semantic),
object naming,
naming of
famous faces

Cargnelutti et al. 13 patients Significant increase in length of Left hemispheric Low-grade Pre- and Single No task
(2020b), streamlines of the direct AF regions gliomas postoperative DTI- surgery
Frontiers in segments in both hemispheres FA
Neurology during postoperative follow-up
Kinoshita et al. 12 patients Relationship between Left hemispheric All kinds of Preoperative MRI Single No task
(2014), Clinical preoperatively increasing FA- regions gliomas and DTI-FA surgery
Neurology and values of the left AF and
Neurosurgery postoperative language

improvement
Herbet et al. 11 patients In case the anterior temporal lobe  Anterior temporal Low-grade Intraoperative DES Single Counting,
(2018), Cognitive loses its function, the ILF seems lobe or temporal lobe  gliomas surgery picture naming,
Neuropsychology to be rerouted PPTT, reading

of words and
pseudowords

Zheng et al. 10 patients, Patients showed higher FA and LI Regions affecting Low-grade Preoperative MRI Single No task
(2013), Neural 10 healthy values in the left ILF and higher dorsal language gliomas and DTI-FA surgery
Regeneration subjects LI values in the left IFOF than pathways
Research controls > might be a sign of

plasticity in the ventral language

pathway
Amoruso et al. 6 patients, 20 Patients showed changes in Left hemispheric Low-grade Pre- and Single Object vs.
(2021), Human healthy subjects  oscillatory activity and structural ~ ventral (n=3) and gliomas postoperative MEG surgery action naming
Brain Mapping connectivity compared to controls  dorsal (n=3) regions and MRI
Sierpowska et al. 1 patient Disruption of the left frontal Left premotor-frontal ~ Glioma (WHO  Pre- and Single Verb generation
(2015), Brain and aslant white matter tract leads to area grade III) postoperative fMRI surgery
Language morphological overregularization and DTI,

strategy

Intraoperative DES
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Functional Connectivity

Study N Main findings Tumor location Tumor grade Methods Surgery Task
Yuan et al. 130 patients Tumor grade related network Left hemispheric All kinds of Preoperative fMRI Single Resting state
(2020), Cortex (LGG: n=77; reorganization of both language regions gliomas surgery
HGG: n=53) and control networks underlie the

different levels of language

impairments
Jin et al. (2021), 109 patients, Left-hemispheric gliomas had a Language areas All kinds of Preoperative fMRI Single Resting state
Frontiers in 42 healthy bigger and more distributed gliomas surgery
oncology subjects impact on FC than right-

hemispheric gliomas
Tarapore et al. 79 patients Increased FC was a risk factor for ~ Various locations All kinds of Preoperative MRI Single Resting state
(2012), postoperative aphasia gliomas and MEG, surgery
Neurosurgery intraoperative DES
Voets et al. 44 patients, Patients showed highly variable Language dominant All kinds of Preoperative fMRI Single Verbal fluency
(2019), 23 healthy and atypical connectivity hemisphere gliomas surgery
Neurolmage: subjects “fingerprints” compared to
Clinical controls
Briganti et al. 39 patients, FC connectivity is influenced by ~ Left hemispheric All kinds of Preoperative fMRI Single verb generation,
(2012), American 13 healthy tumor position. However, changes regions gliomas surgery resting state
Journal of subjects in FC are not locally restricted,
Neuroradiology but they affect even remote and

contralateral areas
Van Dokkum et 39 patients, 19 Adaptive plasticity occurs across  Left hemispheric Low-grade Intraoperative DES, Single Resting state
al. (2019), healthy subjects  different networks to compensate  language regions gliomas Pre- and surgery
Neurolmage: for a lesion postoperative fMRI
Clinical
Deverdun et al. 32 patients, Patients recruited alternative Left hemispheric Low-grade Pre- and Single Picture naming
(2019), Brain networks than healthy controls regions gliomas postoperative fMRI surgery
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Imaging and 19 healthy
Behaviour subjects
Lee et al. (2021), 26 patients Resection of DES-negative sites,  Left hemispheric All kinds of Preoperative MEG, Single Resting state
Journal of which showed high FC in MEG, regions gliomas intraoperative DES surgery
Neurosurgery resulted in transient postoperative

language impairment
Voets et al. 19 patients, Connectivity fingerprints of Frontal and/or All kinds of Pre- and Single Letter fluency,
(2021), 17 healthy dorsal and ventral language temporal lobe within ~ gliomas postoperative fMRI surgery PPTT
Neurolmage: subjects systems can be affected the language
Clinical independently of each other. dominant hemisphere
Douw et al. 15 patients Complex changes in FC after Various locations All kinds of Pre- and Single Resting state
(2008), surgery which could be (left: n=9; right: n=6)  gliomas postoperative MEG surgery
Experimental interpreted as a tendency toward
Neurology "normalization"
Lizarazu et al. 12 patients Increased FC in peritumoral Left hemispheric Low-grade Pre- and Single Resting state
(2020), Brain and regions in both postoperative language regions gliomas postoperative (2x) surgery
Language sessions MEG
Lietal. (2019), 1 patient Right Broca's area was Left fronto-temporal ~ Low-grade Pre- and Repeated  Verbal fluency,
Frontiers in functionally connected to the insula glioma postoperative fMRI, surgeries  semantic
Neurology same areas as left Broca's area intraoperative DES fluency

typically does in healthy controls.
Connection between right Broca's
area and left Wernicke's areca was
indirect, mediated by pre-SMA
and MFG

Abbreviations: AF: Arcuate Fasciculus; DES: Direct electrical Stimulation; DTI: Diffusion Tensor Imaging; DTI-FA: Fractional Anisotropy; DTI-FT: Fiber Tracking; FC:
Functional Connectivity; (f)MRI: (functional) Magnetic Resonance Tomography; IFOF: Inferior Fronto-Occipital Fasciculus; ILF: Inferior Longitudinal Fasciculus; LI: Laterality
Index; MEG: Magnetoencephalography; MFG: Middle Frontal Gyrus; PPTT: Pyramids and Palm Trees Test; rTMS: repetitive Transcranial Magnetic Stimulation; SMA:
Supplementary Motor Area; UF: Uncinate Fasciculus; WHO: World Health Organization.
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