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ABSTRACT

Neuroplasticity is extremely relevant in the preoperative setting of brain tumors, due to the
potential dramatic consequences of iatrogenic damage to eloquent cortices. The surgical resection of
left-hemispheric brain tumors is often complicated by ipsilateral lateralization of language, which is usually
localized in the left perisylvian region. Functional MRI (fMRI) is the most widely employed non-invasive
method to evaluate language function in the preoperative planning of brain tumors, thanks to its versatility
and proven clinical benefits. The implementation of functional connectivity analyses in clinical fMRI can
provide new insights about the mechanisms of compensation that the brain develops in response to focal
lesions. Language plasticity or reorganization may be associated with tumor growth in the dominant
hemisphere for speech preservation against the detrimental effects of neoplastic invasion. Such
phenomenon has important effects on patients’ outcome and life quality, including the reduction of post-
surgical language deficits. In this work we explored language reorganization in the setting of brain tumors,
focusing on three specific aims: 1) To demonstrate the existence of language reorganization on fMRI and
to identify tumor- and patient-related determinants of language plasticity; 2) To investigate anatomical
changes of the cortex in patients with language reorganization by means of structural MRI techniques; 3)
To characterize different patterns of language reorganization in brain tumors by means of fMRI, graph
theory and intra-operative stimulation. Our results confirmed that tumor growth in the left hemisphere is
associated with inter-hemispheric language reorganization, as well as structural modifications of cortical
volume in the newly activated areas. Language reorganization appears to be influenced by age, sex,
frontal location, Broca’s and Wernicke’s area invasion, tumor pathology, EGFR amplification, IDH
mutation, MGMT methylation, FGFR mutation. Low-grade gliomas show more favorable connectivity
changes than high-grade gliomas, in terms of network efficiency and information transfer. Language
reorganization develops over time in response to tumor growth or treatments, including surgery, showing
progressive recruitment of the right hemisphere. Patients with surgically-proven reorganization display a
shift of core language areas to the right side, and demonstrate better language performance compared

to the patients who remain left-dominant.



1 INTRODUCTION

The traditional model for language function describes a speech comprehension area in the
inferior supramarginal gyrus (SMG) and superior temporal cortex (Wernicke’'s area - WA), while
speech production is ascribed to the inferior frontal gyrus (Broca’s area - BA). In more recent years,
a growing corpus of research points to a far more complicated organization of the language system.
The cognitive processing of language relies on a modular architecture of cortical and subcortical
components linked in a widely distributed anatomical connectivity, which includes specific and
domain-general networks [1] Herbet et al. proposed a new model for cognitive functions called
“hodotopy”, which describes language as the result of dynamic communication between eloquent
cortices and subcortical white matter bundles [2]. This complex network of interactions can be
imaged through magnetic resonance imaging (MRI), with the aid of advanced techniques focused
on cortical activations (functional magnetic resonance imaging - fMRI) and axonal connections
(diffusion tensor imaging - DTI) [3-5]. In the model proposed by Herbet et al., the brain cannot be
described as a mosaic of independent modules, but rather as a graph composed by parallel networks
that cooperate in cognitive functioning, and are capable of mutual compensation [2]. The
characteristic of mutual compensation represents the center of plasticity, since it allows for brain
networks to reorganize in response to localized damage. The first description of brain plasticity was
provided by Hebb et al. more than 70 years ago, who demonstrated that coincident neuronal activity
can produce structural modifications of the synapses [6]. In the case of language function, functional
and structural changes may develop as compensatory mechanisms in response to the damage
created by a focal lesion [7—14]

Despite extensive research, the mechanisms and consequences of language plasticity
remain largely unknown. For example, different types of focal lesions may cause different patterns
of reorganization, depending on their pathology and location in the brain. The timing of a lesion onset
is considered to be a crucial variable in the dynamic of reorganization [15]; nevertheless,

comparative studies of slow-onset lesions (such as low-grade tumors) vs. rapid-onset lesions (such



as stroke or fast growing tumors) are lacking in the literature. Finally, considerations regarding brain
plasticity are often relegated to the domain of neuroscience, with scarce exploration of their clinical
impact in the diagnosis and treatment of actual patients. In the presurgical setting of brain tumors,
fMRI is primarily used for the assessment of language dominance [16], although it can measure
brain connectivity and provide insights on functional networks as well [17]. fMRI appears to be the
optimal candidate to investigate language reorganization in the clinical practice, due to non-

invasiveness, ability to image the whole brain, and proven clinical benefits [18].

1.1 The Language Network

The human language network can be described from a structural or functional point of view.
Understanding the normal organization of language function allows for a better appreciation of plastic

phenomena in brain disorders.

1.1.1 The structural language network

There are two main white matter pathways serving the language function in humans: the
dorsal stream, responsible for sensorimotor integration, and the ventral stream, related to speech
comprehension (Fig. 1) [19,20]. The white matter bundles participating to the dorsal stream include
the superior longitudinal fasciculus (SLF)/arcuate fasciculus (AF) system. The AF links the frontal
operculum in the inferior frontal gyrus (IFG), aka Broca’'s area - opercular part (op-BA), and the
ventral premotor area (PreMA) to the superior and middle temporal gyri (STG and MTG respectively),
including WA. The SLF connects inferior frontal to inferior parietal areas [19,20]. The frontal aslant
tract (FAT) links the pre supplementary motor area (SMA) to the IFG, serving verbal fluency [5,21].
Sensorimotor integration culminates in the ventral PreMA and op-BA, which stand at the borders
between language cognition and language production serving articulatory planning [22,23]. The
ventral PreMA is an important speech production site, due to a close relationship with the anterior-
lateral part of the SLF. The integrity of this cortical-subcortical link is essential for speech
preservation, representing an anatomical constraint to cortical reorganization [24]. Additionally,

Federici et al. described two parallel dorsal pathways through probabilistic DTI. These bundles have



been demonstrated to connect the PreMA to the STG (dorsal pathway |) and the op-BA to the STG
(dorsal pathway Il), supporting sound-to-motor mapping (dorsal pathway |) and high-level language
processing (dorsal pathway II) [25].

The ventral language pathway includes two main white matter bundles: the inferior frontal-
occipital fasciculus (IFOF) and the uncinated fasciculus (UF) [19,20]. The former originates from the
occipital lobe, connects to the ventral temporal lobe through collateral projections, and terminates in
the inferior frontal lobe, including the IFG, the orbital frontal cortex, and the frontal pole. The UF
connects the anterior temporal lobe and the inferior frontal lobe [19,20]. Duffau et al. described the
IFOF as the primary pathway of the ventral stream, responsible for semantic language processing.
The function of the UF in language is instead ancillary, similar to the inferior longitudinal fasciculus

(ILF) [26]. The main components of the language network are depicted in Figure 1.

Figure 1. Cortical and sub-cortical components of the language network (from [27])



1.1.2 The functional language network from tb-fMRI

In recent years, the traditional view of language depicting BA and WA as the “expressive”
and “receptive” regions of the brain has shifted to new paradigms [28], in consideration of the
variability of their localization [1,29], as well as the advancement of network theory. Nevertheless,
the localization of eloquent areas prior to surgical procedures retains pivotal importance in clinical
practice. The most widely employed non-invasive method to evaluate language function in the
preoperative planning is task-based fMRI (tb-fMRI), which uses specific tasks to elicit language-
related activations in the brain [16,30].

Visually-administered tasks are characterized by visual cortex activation in the occipital lobe,
from which the information reaches Exner’s area [31,32] and the left hemispheric language network
[33]. The common architecture of the language network includes BA (traditionally in the pars
triangularis and pars opercularis of the IFG), WA (traditionally in the posterior aspect of the STG,
variably extending to the inferior parietal lobule), and SMA (commonly located in the superior-medial
frontal gyrus) [34]. The PreMA (Brodmann’s area 6) is located in the dorsal-lateral pre-frontal cortex
(DLPFC), including Exner's area in posterior aspect of the middle frontal gyrus (MFG). EA is
important for handwriting, participating to the transformation of phonological representations of
words into motor commands [31], but it is also involved in naming [35] and reading [36]. The frontal
eye field is another part of Brodmann’s area 6, which coordinates voluntary and saccadic eye
movements, visual field perception and awareness [37]. In visually-administered tasks based on
written paradigms, activation of the visual word form area (VWFA) in the inferior temporal gyrus (ITG)
can be noted. The VWFA elaborates visual information by integrating inputs from the occipital cortex
[38,39], participates in visual and auditory naming, auditory comprehension, repetition, and
spontaneous speech [33]. Fusiform gyrus activation is also expected in visual tasks which include
face recognition[40]. On the other hand, auditory tasks are characterized by the activation of the
auditory cortex located in the Heschl’s gyrus (primary auditory cortex) [41], which replaces the role

of the visual cortex as input source for the language network.



Secondary language areas can be found in the temporal lobe, angular gyrus, left insula,
anterior cingulate cortex, basal ganglia, hippocampus, and cerebellar hemispheres [42—46]. These
areas are often considered expendable in the surgical planning of brain tumors resection [38]. Due
to the implications of surgical interventions in the vicinity of eloquent cortices, the concept of
hierarchical organization of language areas assumes particular relevance in clinical practice. Graph-
theory applied to fMRI can help to identify “core” language areas whose integrity is essential for the
stability of the network [47—49]. Previous studies have demonstrated that SMA, PreMA, and BA form
a frontal “core” of the language network [47], which appears consistent in the healthy population

regardless of the spoken language [50].

1.2 The plastic potential of the brain

Brain plasticity encompasses two different phenomena: 1) Functional plasticity, which
consists in the modification of synaptic strength with no changes of anatomical connectivity in
between; 2) Structural plasticity, which implies anatomical modifications. The former phenomenon
takes place at the synaptic level, with persistent strengthening or weakening of synapses based on
recent patterns of activity, defined as long term potentiation (LTP) or depotentiation (LTD) [51,52].
Structural plasticity may manifest as synaptic rewiring, in which existing synaptic connections are
swapped, or as de novo synaptogenesis. Structural changes may also include retraction and
reformation of dendritic spines, re-routing of axonal branches [53], or synaptic pruning, which
consists in the elimination of less effective synapses to prioritize most productive connections [54].
Axonal sprouting is described as the formation of new physical connections between neurons, while
myelin plasticity includes the variation of oligodendrocyte proliferation/differentiation, nodal or
internodal length, as well as myelin remodeling [55]. Finally, neurogenesis can be considered
another form of structural plasticity, although it predominantly takes place in the early life [56,57].
Structural and functional plasticity are closely related to each other: the activity of a neuron, whether

spontaneous or experience-driven, can lead to the formation of new synapses. Transmitter release



in intensely activated areas may promote synaptogenesis and rewiring [58]. Similarly, changes in
synaptic number and/or morphology may be associated with LTP/LTD [52].

Microscopic changes related to structural an functional-plasticity translate to macroscopic
modifications of brain anatomy and function, which can be observed with MRI. Microscopic changes
of neurovascular units may affect regional blood flow and oxygenation, which are detected by fMRI
as fluctuation of blood oxygen level dependent (BOLD) signal. In the normal brain, neurons can
regulate the cerebral blood flow (CBF) by means of specific signals directed to local endothelial cells.
Glutamatergic synaptic activity leads to a neurotransmission cascade directed toward the activation
of neuronal NO synthase (nNOS) and cyclooxygenase 2 (COX-2). These enzymes produce potent
vasodilators [59], which act on regional blood vessels. Glutamate also participates in LTP, which
represents the main manifestation of functional plasticity at the microscopic level [60]. From these
considerations, it appears realistic that microscopic changes in synaptic function may translate into
modifications of fMRI activation. Enhanced activity and learning of new functions may produce
structural plasticity of the cortex, possibly reflecting synaptic rewiring or synaptogenesis [61,62].
Cortical volume or thickness can be detected by MRI through images routinely acquired in the clinical
practice, such as volumetric T1-weighted sequences [63]. Myelin plasticity, axonal sprouting or
rewiring modify the diffusion properties of brain tissue and can therefore be studied with DTI or
NODDI [64,65].

Neuroplasticity induced by focal lesions can be explained starting from cortical inhibition.
During the development plasticity is required to establish normal brain functions. The inhibitory
activity of GABA interneurons builds up to a specific time window in early life — the “critical period”
(CP) — when physiologic plasticity may occur. In the adult life, the intraneuronal inhibitory activity
keeps growing until it overcomes the threshold of CP, creating a new equilibrium to protect
established neural circuits from undesired changes, as well as stored memories and learned skills
[66,67]. As a consequence of this process, cortical inhibition is predominant in the adult brain, with
most activity occurring in less than 10% of viable neurons [68]. Focal injuries cause cell death and

synaptic loss, which primarily targets the inhibitory interneurons due to their large prevalence. The



result is a decrease in GABAergic output, leading to increased excitability, neurite expansion, and
synapse formation [69]. Cortical disinhibition creates a permissive environment for the activation of
nearby circuits, allowing for plastic phenomena to take place [67]. When a focal lesion invades
eloquent cortices, it causes disinhibition of nearby neural networks, possibly leading to adaptive
plasticity. In the case of language, healthy right-handed subjects normally show left hemispheric
dominance (91-96%), with a small percentage of native co-dominant or right dominant (atypical
dominance) [70,71]. If the left dominant hemisphere is invaded by a focal lesion such as a stroke or
a tumor, the brain may be able to reorganize the language function to overcome clinical deficits.
These plastic changes may manifest with the recruitment of surrounding regions (intra-hemispheric
reorganization) [72], or by translocation of language areas to the right hemisphere (inter-hemispheric
reorganization), probably via disinhibition of the corpus callosum [53,73]. A summary of the

neurobiology of language reorganization is depicted in Figure 2.
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1.3 Language Reorganization in Focal Lesions — Functional Plasticity in Brain Tumors

Prior studies based on resting state fMRI (rs-fMRI) have demonstrated that both low-grade
gliomas (LGG) and high-grade gliomas (HGG) can modify the functional connectivity of the language
network, producing long-range effects on the right hemisphere [74]. The measure to which such
alterations achieve compensation of clinical deficits (adaptive plasticity) is still unclear. Language
reorganization appears to be affected by tumor pathology [75] and genetics [76], since less
aggressive behavior may allow for the brain to develop the required anatomical and functional
modifications. Also, lesion location near ‘connector’ regions, important areas for information transfer
among sub-networks, causes greater effects than damage to peripheral areas [42,77].

The reorganization of language in the setting of brain tumors has been described to follow a
progressive pattern: within due time, intra-tumoral activation shifts to perilesional areas [15,78], thus
leading to the recruitment of contralateral homologues [7,8,14,79—81]. According to this theory, the
pace of growth of tumoral lesions plays a crucial role in the development of functional reorganization
[82]. The initial manifestation of language plasticity includes the recruitment of peritumoral and
homolateral cortices [15]. This process has been described in non-aphasic patients with gliomas
invading BA, whose language activation may extend to the left peritumoral inferior frontal cortex [83].
In a similar way, left insular tumors may show perisylvian compensatory activation [84]. Patients with
left hemispheric tumors demonstrate increased activation of the left DLPFC, frontal-orbital cortex,
anterior insula, and left cerebellum compared to the healthy population [85]. The invasion of BA from
LGG is associated with the activation of the left insula, premotor cortex, and frontal-orbital cortex
[86]. As final step of language reorganization, a widely distributed network of eloquent cortices can
be recruited in the contralateral hemisphere. This process includes the right-translocation of
BA[8,14,79] or WA [7,87], which is also referred to as activation of right-sided BA or WA homologues.
Rosenberg et al. described the change in language lateralization from left to co-dominance in a right-
handed patient with left hemispheric LGG during a 2-year timeframe before surgical intervention

[81]. An example of inter-hemispheric language reorganization is depicted in Figure 2.



Figure 3. Inter-hemispheric language reorganization in a right-handed patient with LGG invading the left inferior frontal
gyrus. The images above (A-D), obtained before surgery, show peritumoral functional activation in the expected location
of Broca’s area (white arrow in A). The images below (E-H) were obtained 4 years after the surgery. A new strong

functional activation is visible in the right hemisphere, corresponding to Broca’s area homologue (white arrow in E and F).

Brain connectivity analyses can provide additional information to enrich our understanding of
language plasticity. In the study by Li et al., network modifications associated with right translocation
of BA were described in a patient undergoing surgery for left-hemispheric LGG [14]. As opposed to
the normal connectivity of a healthy brain, the newly activated right BA homolog displayed an indirect
connection to the left WA through the SMA and the MFG [14]. Cho et al. analyzed the reorganization
of cerebral-cerebellar networks in right-handed patients with left frontal gliomas [88]. The described
reorganization of these networks consisted in the development of left-sided activity in the cerebellum
VI segment, in place of the expected crossed activation, confirming an earlier report by Thiel et al.
[85]. Zhang et al. showed a similar reorganization of cerebral-cerebellar language circuits in

response to tumoral invasion by LGG and HGG [89]. Of note, LGG patients displayed cortical volume



changes in regions with increased brain activity, as per structural-functional coupling [89]. Despite
most studies focused on LGG-induced plasticity, few cases of inter-hemispheric reorganization in
HGG have been reported in the literature [7,8,79]. This may support the idea that language
reorganization can develop in any infiltrating tumor, irrespective of the grade. Nevertheless, the topic
remains a matter of debate.

The adequacy of right-sided language areas in providing a reliable function — aka effective
compensation - is still debated. Some evidence from prior studies supports a better clinical
performance in patients with functional modifications consistent with reorganization [42,79,90].
Right-sided language areas proved to be functional by eliciting speech deficits when stimulated with
trans-cranic magnetic stimulation (TMS) [9,91]. Experiments with TMS-induced ‘virtual-lesions’
demonstrated left hemispheric dominance in healthy subjects, while co-dominance was reported in
brain tumor patients, characterized by the presence of language errors in both hemispheres [92]. In
agreement with these findings, several studies reported complete recovery after resection of well-
known eloquent cortices due to tumor invasion [93-95]. Conversely, the presence of right-sided
activation has not always been associated with better clinical performance [9,96,97].

Notably, there are reports describing that surgery itself can induce plastic changes. In the
post-operative setting, perilesional activation is essential for language recovery [98]. Post-surgical
reorganization to nearby areas has been described by prior authors, for example in the case of the
left lingual gyrus taking over the function of the left parahippocampal gyrus in a picture-naming task
[99]. Surgical resection of BA has been associated with the recruitment of adjacent regions, in
particular the ventral premotor cortex, IFG — pars orbitalis, DLPFC, and insula. These modifications
were also associated with better post-surgical outcomes [100]. Insular tumors may lead to the
activation of the frontal and temporal operculum, as well as of the left putamen [15,101]. Resection
of WA has been associated with the recruitment of the surrounding cortex and the progressive
involvement of remote areas, including the left SMG, IFG - pars triangularis, as well as the activation
of contralateral homologues [95]. Finally, SMA resection may activate the contralateral homolog and

the premotor cortex [102,103]. Post-surgical language reorganization appears to be related to



cognitive improvement, in a similar way as after glioma resection [104], although the topic remains

debated.

1.4 The Preoperative Planning of Brain Tumors

fMRI is an advanced imaging technique capable of measuring BOLD signal associated with
brain activity through the detection of changes in local blood flow to the brain cortex [105]. The main
application of fMRI in neuro-oncology is the pre-operative planning of patients with brain tumors
[16,105,106]. In brain tumor surgery, it is essential to perform radical resection of the tumor to
improve survival [107], while preserving the adjacent eloquent areas to minimize postsurgical
deficits. The essential roles of fMRI include: 1) to plan the surgical approach for resection; 2) to
define the relationship of brain lesions to eloquent areas in the preoperative setting; 3) to assess for
the need of intraoperative cortical stimulation (ICS) and to plan the cortical mapping; 4) to determine
language dominance; 5) to help identifying crucial anatomical landmarks such as the precentral
(motor) gyrus. Furthermore, fMRI can complement ICS findings and balance its drawbacks and
limitations. During ICS, the patient is woken from general anesthesia and asked to perform specific
tasks to assess brain functions related to the stimulated cortex. A correct ICS procedure requires
patient extubation, which reduces the control over blood oxygenation levels, and adequate
compliance. Furthermore, minimum positive thresholds for stimulation events during ICS may show
intra- and inter-subject variability and a certain degree of dependency from the electrode intensity
[108]. Similarly, the ability of ICS to reproduce interferences over several trials depends on the
patient’'s baseline error rate, which is expression of the patient’'s clinical state [108]. As a
consequence, ICS mapping alone may not be sufficient to confidently define surgical margins in
some occasions. Conversely, preoperative fMRI can decrease unexpected events during surgery,
reduce time of operation and anesthesia, support ICS findings and provide complementary
information in case of ICS failure [109,110]. The most widely used method to pre-operatively
evaluate language and motor functions is task-based fMRI (tb-fMRI), which relies on specific

functional tasks to localize brain function and to guide surgical resection [111]. The inclusion of fMRI



in the neuro-oncologic pre-operative planning has clear and established clinical benefits. Luna et al.
recently demonstrated the decrease in post-operative complications from 21% to 11% in patients

who underwent fMRI as part of their pre-operative planning [112].

2 SPECIFIC AIMS

The work of this thesis was focused on the exploration of tumor-induced language
reorganization. Through the following specific aims (SA) and experiments we wanted to expand the
current understanding of neuroplasticity, including its neurobiological mechanism and associated
factors. The overall goal of the present work was to improve the preoperative planning of brain
tumors by incorporating information on plastic phenomena in order to guide therapeutic approaches
and future targeted therapies. In the following paragraphs the overall goal of the thesis is broken
down to three main SA. The methods and results sections will address each SA individually. The

discussion section will explore the meaning of the main concepts emerged from our results.

2.1.1 SA#1: To demonstrate language reorganization in brain tumors with fMRI and to identify

tumor- and patient-related determinants of language plasticity

Among healthy subjects, 91-96% of right-handed individuals and 73-75% of left-handed
individuals are left-hemispheric dominant for language [70,71]. Language reorganization may
develop as a possible compensatory mechanism in response to tumor invasion of the dominant
hemisphere, leading to changes of language dominance [27]. Although there is evidence of language
reorganization in many processes including brain tumors, the precise dynamics remain elusive.
Many studies on tumor-induced language reorganization are based on low-grade gliomas [113,114];
however, even fast-growing tumors may display a life-cycle compatible with the timeframe of brain
plasticity [115], as demonstrated by neurobehavioral studies [61,62,116]. Tumor genetics/molecular
anomalies describe tumor behavior and likely influence reorganization [76], since a less aggressive
behavior and slower-paced growth may facilitate plasticity. Also, tumor location effect on plastic

phenomena is poorly explored. The location of a lesion likely influences the outcome of



reorganization: damage to brain regions important for communication between subnetworks
(connectors) causes greater effects than the damage inflicted to peripheral areas [77].

In our first SA we investigated the effect that patient age, handedness, and sex, as well as
tumor location and molecular features, have on fMRI language laterality. We studied the relationship
between each of these variables and five laterality indexes (LI) calculated in the frontal lobe, Broca’s
area (BA), temporal lobe, Wernicke’s area (WA), and whole cerebral hemisphere. The hypothesis
related to SA#1 were the following: 1) Patients with left-hemispheric brain tumors would display
more-than-expected right-hemispheric participation in language function compared to what has been
previously reported in the healthy population; 2) Tumor involvement of eloquent language areas
and favorable genetics would be associated with language reorganization.

2.1.2 SA#2: To investigate anatomical changes of the cortex in patients with language

reorganization by means of structural MRI techniques

Functional modifications of the language network may be associated with structural changes
of the newly activated brain regions, since the implementation of a function has direct effects on the
number of synapses in the relative cortex [58]. This hypothesis has been proven true by showing
learning-dependent increases in cortical volume of brain areas related to linguistic, procedural,
spatial orientation, and navigation abilities in healthy subjects [61,116,117]. A seminal study from
Labudda et al. investigated structural correlates of inter-hemispheric language reorganization in
epileptic patients [10]. The authors demonstrated that patients harboring left hemispheric epileptic
foci show increased cortical volume in the right hemisphere. Similar modifications can be
hypothesized for brain tumors; however, this idea has never been explored.

In our second SA we investigated structural correlates of functional reorganization by
assessing whether atypical language dominance in patients with left inferior frontal and insular
glioma is associated with areas of increased of cortical volume in the right hemisphere. The
hypotheses related to SA#2 was that inter-hemispheric language plasticity, as depicted by atypical

language organization, would be associated with increased cortical volume in areas of known



language function in the right hemisphere, including the right-sided Broca’s and Wernicke's

homologues.

2.1.3 SA#3: To characterize different patterns of language reorganization in brain tumors by

means of fMRI, graph theory and intra-operative stimulation

Historically, the brain has been described as a mosaic of multiple areas, each related to a
specific function. This concept is known as localizationism. However, modern neuroscience
suggests that the brain is actually organized as a network [118] and that cognitive processes arise
from the dynamic interaction of network components [2]. Evidence to support this theory is provided
by neuroimaging studies, especially those that focus on the language system. The historical model
of language function, localizing speech comprehension in the superior temporal gyrus (Wernicke’s
area) and speech production in the inferior frontal gyrus (Broca’s area), has changed over time [1].
Duffau et al., among others, demonstrated over many years that surgical resection of brain tumors
that invade eloquent brain areas is feasible with limited postsurgical deficits [82]. The original location
of Broca’s area has been reviewed and extended to include a penumbra of brain tissue surrounding
the inferior frontal gyrus and leading to negative speech responses during ICS [28]. Presurgical fMRI
using post-processing techniques and computational models have supported the network theory
[119,120]. Connectivity analyses, especially those relying on graph theory, can provide additional
information concerning the relationship between eloquent cortices. These techniques aid in the
identification of fundamental network components (core) and have important clinical implications for
the neurosurgeon who wants to achieve maximal resection while sparing crucial eloquent areas [47—
49]. Specific graph-theoretical measures can be used to characterize the effect on brain networks of
tumors with different grade and location [121]. Graph theory can also highlight core components of
a network by testing their stability through the progressive removal of connections [122]. This
technique has been used to show that the pre-supplementary motor area, premotor cortex, and
Broca’s area are part of a frontal core of the human language network [47] that is tightly connected
to Wernicke’s area and appears consistent in healthy subjects regardless of their spoken language

[123].



In our third SA we explored language reorganization through graph theory to shed light on
brain connectivity modifications related to the presence of a tumor in the dominant hemisphere. For
this purpose we conducted three experiments: 1) We studied the network modifications of 30 left-
hemispheric LGG and 30 HGG versus 20 healthy controls (HC) by applying graph-theory to resting-
state fMRI. Our objective was to compare the network modifications in the whole brain, single
hemispheres and single lobes induced by tumors of different grade (LGG vs. HGG) and location with
respect to HC. 2) We explored the functional reorganization of language over time before and after
surgery in a prospective cohort of 5 left-hemispheric LGG patients, using longitudinal task-based
fMRI, graph-theory, and language assessment. We analyzed functional connectivity patterns to
explore network modifications underlying language reorganization. 3) We employed fMRI and graph-
theory to investigate the functional language network of 44 patients with left-hemispheric LGG and
IOS-proven language reorganization during awake surgery. We compared the architecture of the
core language network as defined in Li et al. [47] between patients with speech arrest (SA) and no
speech arrest (NSA) during surgery.

The hypotheses related to SA#3 were the following: 1) In the first experiment, HGG would
display predominant regional modifications due to neurovascular uncoupling, while LGG would
demonstrate both ipsi- and contralateral changes suggestive of reorganization. We also
hypothesized LGG networks to be more integrated and connected than those of HGG, possibly
reflecting a better clinical performance. 2) In the second experiment, patients with LGGs would show
increased activation of right-sided language-related areas over time on fMRI (increased right
laterality), while graph-theory would demonstrate increased connectivity of right-sided language-
related areas and increased inter-hemispheric participation in language. 3) In the third experiment,
language reorganization in NSA patients would be associated to a modification of the core language
network compared to SA patients and healthy subjects. We also hypothesized that network changes

in NSA would be associated with better language performance.

3 MATERIALS AND METHODS



3.1 Patients

We reviewed the imaging archive of Memorial Sloan Kettering Cancer Center from January
2012 to February 2022, and selected patients with brain tumors according to specific inclusion
criteria for every objective. Clinical charts were reviewed to obtain patients’ demographic information,
including age and sex. Handedness was established through the Edinburgh Handedness Inventory
[124]. The institutional pathology archive was reviewed to gather information about tumor diagnosis,
grade (World Health Organization classification 2021 or prior), and molecular data, including O(6)-
methylguanine-DNA  methyltransferase = (MGMT) promoter  hypermethylation, isocitrate
dehydrogenase (IDH) mutation, epidermal growth factor receptor (EGFR) amplification, and
fibroblast growth factor receptor (FGFR) mutation. Molecular data was obtained through the
Integrated Mutation Profiling of Actionable Cancer Targets test (MSK-IMPACT ™), as explained in
prior publications [125]. The location of every tumor was annotated based on MRI to include
anatomical areas (frontal, temporal, parietal, and occipital lobes; insula; and cerebellum), as well as
eloquent areas of the language network (BA, WA, Exner’s area, SMA, SMG, and angular gyrus -
AG). Patients’ language performance was assessed preoperatively with the Boston Naming Test
(BNT) [126]. Furthermore, we retrospectively reviewed individual clinical charts to gather information
about the presence of speech deficits in the neurologic objective examination performed before
surgery, within 1 week after surgery, and three-to-six months after surgery.

The patients recruited for the prospective cohort study (SA#3 Experiment 2) underwent
additional language testing at every timepoint, including: BNT [126], Phonemic Verbal Fluency (PVF)

and Category Fluency (CF) Test [127].

Specific inclusion criteria were adopted to pursue each one of our SAs, as follows:
- SA#1: Left-hemispheric brain tumors; no tumor involvement of the right hemisphere by either
multifocal tumor or direct extension; availability of language tb-fMRI; absence of tumor-related

or patient-related artifacts, including drop-out from hemorrhagic components, prior surgery, or



3.2

head motion; absence of prior brain insult (i.e. stroke) or brain disease other than tumor. We
evaluated 405 patients for this objective.

SA#2: Left inferior frontal and/or insular tumor; no tumor involvement of the right hemisphere
by either multifocal tumor or direct extension; availability of language tb-fMRI and high-
resolution 3D T1 weighted images; absence of tumor-related or patient-related artifacts,
including drop-out from hemorrhagic components, prior surgery, or head motion. We evaluated
127 patients for this objective.

SA#3, experiment 1: Newly diagnosed left-hemispheric glioma (World Health Organization
2016 classification [128]); no prior surgery or other treatment; resting-state data acquired with
the same protocol and therefore comparable; absence of tumor-related or patient-related
artifacts including drop-out from hemorrhagic tumor components and motion. We evaluated 60
patients and 20 healthy subjects for this objective.

SA#3, experiment 2: Newly-diagnosed left-hemispheric glioma undergoing surgery; pathologic
diagnosis of LGG at first biopsy; right-handedness; absence of tumor-related or patient-related
artifacts including drop-out from hemorrhagic tumor components and motion. Patients were
followed with longitudinal tb-fMRI and clinical language assessment prior to tumor resection
(baseline) and at three intervals after surgery: post-op1 (4-8months), post-op2 (10-14months),
post-op3 (16-23months). We evaluated 5 patients for this objective.

SA#3, experiment 3: Patients with left-hemispheric LGG; peri-sylvian location; availability of
language tb-fMRI; absence of tumor-related or patient-related artifacts, including drop-out from
hemorrhagic components, prior surgery, or head motion; awake surgery with intraoperative

mapping results; speech deficit evaluation at the time of surgery (by neurologic exam).

MRI Protocol

MR scans were acquired on a 3.0 T GE magnet (General Electric, Milwaukee, WI) with an 8-

channel head coil. Functional matching anatomical T1-weighted (repetition time (RT), 600 ms; echo

time (ET), 8 ms; thickness, 4.5 mm) and T2-weighted (RT, 4000 ms; ET, 102 ms; thickness, 4.5 mm)



spin-echo axial images were acquired for every patient and co-registered with functional data. 3D-
T1-weighted anatomical images were acquired with a spoiled gradient recalled sequence (RT/ET,
22/4ms; matrix, 256x256; thickness 1 mm). Tb-fMRI was acquired with gradient-echo echo-planar
imaging (RT, 2500ms; ET, 30); matrix, 64x64; field of view, 240 mm); thickness, 4.5 mm; flip angle
80°, 34-36 slices covering the whole brain). Head motion was minimized using straps and foam
padding. During the tb-fMRI acquisition, subjects performed a phonemic fluency task (letter) tailored
to match a block paradigm of 8 cycles alternating activation phases of 20 sec with resting phases of
30 seconds. In the activation phase, letters on a neutral background were displayed visually to the
subjects. During the resting phase, patients were asked to fixate a crosshair image. The language
task itself consisted in the silent generation of words that began with the presented letter (for
example: subject presented with the letter “A” may generate words such as ‘apple’). All tasks were
delivered visually with a dedicated system (Resonance Tech, CA). The fMRI sequence consisted of
160 volumes of 32 images covering the entire brain. Subjects’ performance and real-time generated
language activity were monitored at the acquisition console with dedicated software (Brainwave RT,
GE Healthcare, Milwaukee, Wisconsin). Rs-fMRI was acquired with single-shot gradient echo EPI
(TR/TE=2500/32 ms, section thickness=4mm, matrix=64x64mm, FOV=240mm, acquisition volume
= 160, scanning duration=6minutes 55 seconds), while the patients were asked to rest in the

scanner.

3.3 Intra-operative Stimulation (I0S)

Patients selected for speech mapping underwent awake anesthesia [129]. After the
craniotomy was performed and the appropriate brain region exposed, speech mapping was
performed. A surgical navigation software (BrainLab GmbH, Munich, Germany) was used as per
routine, and the functional MRI data was uploaded to the workstation used for the surgical navigation.
A neurophysiologist was present during the procedure and was responsible for the EEG and other
neurophysiological readings. An assistant sat next to the patient and performed the speech testing.

In most cases, SSEPs (Somatosensory evoked potentials) were performed indicating the location of



the central sulcus. The location of BA was approximated based on a combination of factors including
expected anatomic location in the operculum, fMRI findings and extrapolation from the location of
the central sulcus. The inferior frontal gyrus at the operculum was then subject to direct cortical
stimulation using a bipolar probe and starting at 4 mA and up to a maximum of 14 mA. The patient
was asked to count or to cite the alphabet while the brain was being intermittently stimulated. Electro-
corticography was carried out simultaneously via a surface electrode, to monitor for seizure activity
or after-discharges. Speech arrest was defined as complete stopping of speech, with preserved
tongue movements, reproducible at least three times and occurring immediately following electrical
stimulation of the same cortical surface area. If speech arrest was not obtained, the area being
stimulated was expanded to include most of the inferior frontal gyrus, up to the middle frontal gyrus

and posteriorly towards the sensorimotor strip, depending on the extent of the craniotomy.

3.4 Functional Analysis through fMRI and Graph Theory

In the following paragraphs we describe the fMRI analysis workflow related to SA#1, 2 and 3.
As detailed below, we employed Task-based fMRI to calculate language dominance and to build
individual language networks through optimal percolation [48]. We used rs-fMRI to build hemispheric
and lobar networks, and to calculate graph-theory efficiency measures related to small-worldness
and information transfer (brain connectivity analysis). Study groups and statistical comparisons are

described in the statistics section (3.6).

3.4.1 Assessment of Language Dominance on Task-Based fMRI

Functional data was processed using Analysis of Functional Neurolmages (AFNI) [130]. We
corrected head-motion artifacts by using 3D rigid-body registration based on a reference volume
acquired at the beginning of each examination. Subsequent steps of the post-processing pipeline
included: 1) Spatial smoothing through a Gaussian kernel with full width at half maximum of 4mm;
2) Removal of linear trend and high-frequency noise; 3) Generation of statistical parametric maps

from stimulus-locked responses by cross-correlating a modeled waveform corresponding to the



block paradigm with all pixel time courses on a pixel-by-pixel basis. Voxels with standard deviation
exceeding 8% of the mean signal intensity were set to zero to minimize false positives.

Multiple LI were calculated from tb-fMRI maps through a threshold-independent method by
using different ROIs [131,132]. The workflow for LI calculation included: 1) Nonlinear registration
(ANTS) of 3D T1-weighted and functional images to MNI152 standard space. The registration of
functional images was based on the first volume of the echo-planar sequence and applied to the
correlation maps generated after post-processing; 2) Co-registered 3D T1-weighted images were
parcellated in multiple cortical regions based on the automated anatomical labeling (AAL) atlas; 3)
The mean value of the 5% most-activated voxels on the correlation map was calculated for every
subject; 4) A threshold of above 80% of this mean was applied to select voxels for each region of
interest (ROI) used to calculate the LI; 5) The traditional formula LI=(L-R)/(L+R) was applied, where
L and R represent the number of voxels in the left and right ROI, respectively. We calculated five LI
corresponding to the following ROls: cerebral hemisphere - excluding cerebellum and visual cortex,
temporal lobe, frontal lobe, BA, WA. The results were confirmed by comparing LI values with the

respective fMRI maps overlayed on 3D-T1 images.

3.4.2 Individual Language Network Analysis through Optimal Percolation

Individual functional language networks were obtained from tb-fMRI by using functional ROIs
corresponding to active clusters and by applying optimal percolation thresholding, as shown in
previous publications [47,48,123,133]. In summary, contiguous active voxels in the same anatomical
regions were labeled as belonging to the same functional ROI. Functional links were inferred by
thresholding pair-wise correlations between voxels with a penalization parameter set to optimize
brain integration (all the clusters are connected) and sparsity (minimal wiring) [48]. Optimal
percolation thresholding is based on biological evidence of neural architectures, and demonstrated
promising results in identifying most important connections in brain networks [47,133].

Changes of hemispheric connections were quantified with a ‘Connectivity laterality Index’
(Cl), based on weighted values from connectivity matrices to account for connection strength, and

calculated with the formula: (WC.)/(WC_+WCR), where WC_=total weight of left hemispheric links,



WCr=total weight of right hemispheric links. The Cl values can range between 0 (only right
hemispheric connections) and +1 (only left hemispheric connections), with 0.5 representing perfectly
balanced connections between the two hemispheres. The analysis was conducted in Matlab

(R2017a, Massachusetts: The MathWorks Inc).

3.4.3 Brain Connectivity Analysis on Resting-State fMRI

We used CONN toolbox [134] to process rs-fMRI and 3D-T1 data, with SPM 12 and MATLAB
R2021b (9.11) implementation. The steps of the processing pipeline included: 1) Functional
realignment and motion assessment; 2) Slice-timing correction; 3) Outlier detection and head motion
correction; 4) Normalization of functional and structural data to MNI space; 5) Data segmentation
into gray matter, white matter and cerebrospinal fluid regions; 6) Functional smoothing with a full-
width-half-maximum (FWHM) of 6 mm; 7) Denoising with linear regression and temporal band pass
filtering between 0.01 and 0.1 Hz; 8) Detrending; 9) Parcellation of the gray-matter of co-registered
anatomical and functional images into 136 regions of interest (ROI) based on the automated
anatomical labeling — AAL atlas. All co-registered anatomical and functional images were inspected
to ensure correct co-registration and anatomical parcellation. Finally, we extracted average
timeseries from each ROI and constructed ROI-to-ROI connectivity matrices, representing the
connectivity of every ROI to the remaining ones [134]. Specific ROI-to-ROI connectivity matrices
were obtained for HGG, LGG and HC groups in the whole brain ROls, left and right hemispheric
ROls. A graph theory analysis was performed starting from each ROI-to-ROI matrix with the Louvain
Algorithm in CONN toolbox. For each patient a threshold of z>2 and p<0.05 was set to obtain the
graph adjacency matrix from the respective ROI-to-ROI matrix. We computed graph-theoretical
measures on the resulting graphs to address their topological properties [135]. Seven graph-
theoretical metrics were calculated applying two-sided FDR correction (p<0.05): global/local
efficiency (representing the global and local connectivity of each ROI), betweenness centrality (a
measure of the tendency of a node to be part of the shortest path between any two pairs of nodes
in a graph), average path length (shortest distance between the current node and all other nodes),

clustering coefficient (ratio of connected nodes to all neighboring nodes), cost (proportion of edges



from a node), and degree (the number of nodes to which a selected node is connected) [135]. We
used the above graph-theoretical metrics to evaluate the connectedness and integration of every
node in the local and global network. We evaluated the small-worldness of the resulting graphs as
the combination of elevated clustering coefficient - short average path length, as well as elevated

global/local efficiency and low cost [135].

3.5 Structural Analysis through Voxel Based Morphometry (VBM)

In the following paragraphs we describe the structural analysis workflow related to SA#2. As
detailed below, we employed voxel-based morphometry (VBM) to test the hypothesis that atypical
dominance measured by fMRI lateralization (co- and right dominance) is associated with increased
cortical volume of newly active cortices in the right hemisphere. Study groups and statistical
comparisons are described in the statistics section (3.6).

For this specific aim, 3D T1-weighted anatomical images were processed with FSL-Voxel
Based Morphometry (VBM) toolbox [136—138]. The analysis was focused on the right hemisphere
only, due to signal loss and/or artifacts related to the presence of the tumor in the left hemisphere.
The steps of the processing pipeline included: 1) 3D T1-weighted anatomical images were co-
registered to the MNI 152 standard space through non-linear registration (ANTS); 2) The images
were skull-stripped, the grey matter was segmented and the resulting images were averaged and
flipped along the x-axis to create a left-right symmetric template; 3) Native grey matter images were
non-linearly registered to the template and corrected for local expansion or contraction related to the
non-linear spatial transformation; 3) The modulated grey matter images were smoothed with an
isotropic Gaussian kernel with sigma = 3mm; 4) Cortical volume maps were generated with FSL
randomize tool by applying voxel-wise t-test to identify significant voxels [139] (see statistical
analysis). The location of the resulting clusters was confirmed on the Harvard-Oxford Cortical

Structural Atlas and Harvard-Oxford Subcortical Structural Atlas [140].

3.6 Statistical Analyses



3.6.1 SA#1: To demonstrate language reorganization in brain tumors with fMRI and to identify

tumor- and patient-related determinants of language plasticity

We created five binary variables corresponding to hemispheric LI, Broca’s LI, Wernicke’s LI,
frontal LI, and temporal LI, with the cut-off of 0.2 [141]. Values of LI=0.2 were defined “left-dominant”
(LD, binary value = 1), while values <0.2 were defined “atypical dominant” (AD, binary value = 0),
grouping co-dominant (-0.2<LI<0.2) and right-dominant subjects (LI<-0.2). The percentage of
atypical dominant patients in our cohort was compared to the expected percentage in the healthy
population, according to previous studies[70,71]. To identify patient and tumor features associated
with language reorganization, we used the Chi-square test to study the relationship between LI
variables and patient sex (0=female, 1=male), handedness (O=left, 1=right), tumor pathology
(1=grade I/ll, 2=grade IIl/IV, 3=metastasis), tumor location (frontal, parietal, temporal, occipital,
insular, O=involved/1=not involved), genetic and molecular data (IDH mutation, MGMT
hypermethylation, EGFR amplification, FGFR mutation, O=positive/0=negative). For those variables
having significant Chi-square test results, contingency coefficient, phi factor, and Cramer’s V were
computed. Statistical analyses were performed on SPSS (Armonk, NY: IBM Corp. Version 25.0). We

set the significance threshold for all analyses to p<0.05.

3.6.2 SA#2: To investigate anatomical changes of the cortex in patients with language

reorganization by means of structural MRI techniques

Three VBM analyses were carried out in this objective, following the workflow described in
section 3.5. First, the cortical volume of the right hemisphere of patients with atypical language
dominance (co- or right dominant - AD) was compared to that of left dominant patients (LD).
Subsequently, we separated patients in HGG and LGG sub-groups. The VBM analysis was repeated
to compare AD patients and LD patients in each of these two sub-groups. Language dominance was
calculated based on the hemispheric LI obtained in SA#1. As detailed in prior sections, differential
cortical volume maps were generated with FSL by using non-parametric permutation testing

corrected for multiple comparisons [139]. The minimum t-score=2 (corresponding to a p<0.05) was



applied as a threshold to identify significant voxels. To contain false positives, only clusters > 5 mm?
were considered acceptable in the results [142,143]. Patients’ age was compared through the Mann-
Whitney U-test in the different groups (p<0.05). The statistical analysis was performed with SPSS

Statistics (v.21, IBM, N.Y., USA) and FSL (FMRIB Software Library v5.0).

3.6.3 SA#3: To characterize different patterns of language reorganization in brain tumors by

means of fMRI, graph theory and intra-operative stimulation
- Experiment 1

Starting from rs-fMRI data, we analyzed whole-brain and hemispheric functional networks in 30
patients with LGG, 30 patients with HGG, and 20 HC. Subsequently, we studied lobar networks in
sub-groups of patients divided by tumor location. For every network we calculated the graph-
theoretical measures explained in section 3.4.3 and compared the results in LGG vs. HC and HGG
vs. HC through two-tailed Student t-test (in case of normal distribution) or Mann-Whitney U-test (in
case of non-normal distribution) (p<.05). The Jarque-Bera test with chi-squared distribution and two
degrees of freedom was used to confirm the normality of our data before statistical comparison [144].

The workflow of the study is summarized in Figure 4.

* Study population: 30 low-grade (LGG), 30 high-grade (HGG) left-hemispheric glioma patients and 20 healthy controls (HC)

30 LGG 30 HGG 20 HC

mean age 40 years, mean age 61 years, mean age 48 years,
21 males 22 males 12 males

* We applied graph-theory on resting-state fMRI data in three separate analyses: 1) whole-brain functional networks; 2)
hemispheric networks; 3) lobar networks in sub-groups of patients divided by tumor location

¢ Seven graph-theoretical metrics were calculated in every functional network (FDR corrected, p<0.05). Two-tailed Student
t-test or Mann-Whitney U-test (p<0.05) were used to compare the results in LGG vs. HC and HGG vs. HC.

Figure 4. Workflow of SE#3, Experiment 1 (from [121])



The analysis on whole-brain, hemispheric and lobar networks was conducted with averaged
graph-theoretical measures computed respectively on the whole brain, left and right hemispheres,
and cerebral lobes (frontal, parietal, occipital, temporal, insular). For the lobar analysis, we divided
patients based on lobar involvement from the tumor. Then, we selected the nodes belonging to the
involved lobe from the graph and we analyzed them as a separate network. For example, nodes
belonging to the frontal lobe were compared in patients with frontal lobe LGG and HGG vs. HC.

- Experiment 2

In a prospective cohort of 5 patients, we analyzed individual functional language networks prior
to tumor resection (baseline) and at three intervals after surgery: post-op1 (4-8months), post-op2
(10-14months), post-op3 (16-23months), through longitudinal fMRI, graph theory and language
clinical assessment. Functional correlation maps were generated at minimum threshold of r>0.5
(uncorrected p=2x10"", t>4, FDR-adjusted p value<0.001) from tb-fMRI, and used for conjunction
analysis. Individual language networks were obtained using functional ROIs and optimal percolation
thresholding, as described in section 3.4.2. We established language dominance on tb-fMRI as
described in section 3.4.1, focusing on Broca’s LI for the purpose of this experiment. The connectivity
of individual language networks was quantified through a ‘Connectivity laterality Index’ (Cl), as
described in section 3.4.1. We assessed the trend of the intra-patient correlation of LI and Cl values
at the four time points with a linear mixed model (LMM) or linear model, when no cluster effects were
detected. Correlation between language performance and LI/Cl was also evaluated with the same
model. Statistical significance threshold was set at p<0.05.

- Experiment 3

In a selected group of patients who underwent awake surgery with intra-operative stimulation
of dominant language cortices (inclusion criteria in section 3.1), we compared functional language
networks of those with speech arrest (SA) vs. those without speech arrest (NSA). Individual language
networks were obtained using functional ROIs from Task-based fMRI maps by applying optimal
percolation thresholding, as in Experiment 2 (method described in section 3.4.2). The connectivity

of individual language networks was quantified through a ‘Connectivity laterality Index’ (Cl), as in



Experiment 2 (method described in section 3.4.1). The Cl of SA and NSA patients was compared
through the Mann-Whitney U-test (p<0.05).

We also tested the association between speech arrest and tumor-related variables as
detailed below. We created a binary variable corresponding to speech arrest (0 = NSA, 1 = SA), and
10 binary variables corresponding to: pre-operative speech deficits (0O=absent, 1=present), post-
operative speech deficits (O=absent, 1=present), speech deficits at 3-6 months (O=absent,
1=present), prior surgery (O=absent, 1=present), handedness (0=left, 1=right), frontal tumor location
(O=not involved, 1= involved), temporal tumor location (0=not involved, 1= involved), insular tumor
location (0=not involved, 1= involved), invasion of BA (0=not involved, 1= involved), invasion of WA
(O=not involved, 1= involved). Chi-squared test was employed to identify the relationship between
speech arrest and other nominal variables. For those variables having significant Chi-square test
results, contingency coefficient, phi factor, and Cramer's V were computed. The analysis was
repeated for significant variables in subgroups of patients divided by tumor grade. Statistical
analyses were performed on SPSS (Armonk, NY: IBM Corp. Version 25.0). We set the significance

threshold for all analyses to p<0.05.

4 RESULTS

4.1 SA#1: To demonstrate language reorganization in brain tumors with fMRI and to identify

tumor- and patient-related determinants of language plasticity

Four hundred and five patients were recruited for this objective. One hundred and six patients
were diagnosed with low-grade glioma (LGG, WHO grade 1-2); 242 patients were diagnosed with
high-grade glioma (HGG, WHO grade 3—4); and 57 patients were diagnosed with metastatic disease.
Due to retrospective design, molecular features were only available for part of the subjects. IDH
status was present in 240/405 patients (124 wild-type); MGMT status in 255/405 (144 unmethylated);
EGFR in 188/405 (46 amplified); FGFR in 198/405 (16 mutated). The age distribution of AL and LL

patients according to the calculated LIs was not significantly different on Mann-Whitney U test.



HGG LGG METS

Age (mean and SD) 53 +/- 14 43 +/-13 54 +/- 13
Sex 152M; 90F 56M; 50F  27M; 30F
Handedness 216R; 26L 92R; 14L 53R; 4L
Frontal lobe 126 59 37
Temporal lobe 88 40 12
Parietal lobe 65 14 18
Occipital lobe 8 2 2

Insula 45 36 1

BA 54 21 2

EA 28 19 3

SMA 30 12 8

WA 30 5 5

SMG 16 3 6

AG 18 3 4

Language lateralization based on hemispheric LI demonstrated 210 LL and 195 AL patients.
Frontal LI demonstrated 221 LL and 184 AL patients. Broca’s LI demonstrated 234 LL and 171 AL
patients. Temporal LI demonstrated 220 LL and 185 AL patients. Wernicke’s LI demonstrated 215

LL and 190 AL patients. Laterality results are summarized in Figure 5.



A) Hemispheric LI B) Frontal lobe LI C) Broca's area LI D) Temporal lobe LI E) Wernicke's area LI
1.00 1.00 1.00 1.00 1.00
0.75 0.75 0.75 0.7 0.75
0.50 0.50 0.50 0.50 0.50

0.25 0.25 0.25 0.25 0.25

0.00 0.00 0.00 0.00 0.00

LI values

-0.25 -0.25 -0.25 -0.25 -0.25
-0.50 -0.50 -0.50 -0.50 -0.50
-0.75 -0.75 -0.75 -0.75 -0.75

-1.00 -1.00 -1.00 -1.00 -1.00
AL LL AL LL AL LL AL LL AL LL

Figure 5. Laterality distribution according to the 5 calculated LI in the tumor population

The Chi-square analysis for tumor location demonstrated a significant correlation between
atypical dominance and tumor involvement of BA (Chi-square p<0.001; Fisher p<0.001). None of
the remaining locations produced significant results. The Chi-square analysis for genetic and
molecular data demonstrated a significant correlation between higher grades and atypical
dominance (Chi-square p<0.001; Fisher p<0.001). EGFR amplification was significantly associate
with atypical dominance (Chi-square p=0.042; Fisher p=0.05). FGFR mutation correlated
significantly with left dominance (Chi-square p=0.019; Fisher p=0.021). In HGG only, MGMT
hypermethylation correlated with language reorganization (Chi-square p=0.016; Fisher p=0.014).
Finally, female sex was significantly associated with AL (Chi-square p=0.005; Fisher p=0.001), while

patients’ handedness did not show any significant correlations.

4.2 SA#2: To investigate anatomical changes of the cortex in patients with language

reorganization by means of structural MRI techniques

One-hundred nineteen patients were recruited for this objective (mean age 50 years, range
22-80 years, 77 males), 44 with LGG (WHO 2016 grade 2, mean age 47 years, range 22-68 years,
27 males) and 75 with HGG (WHO 2016 grade 3 and 4, mean age 53 years, range 23-80 years, 43
males). The vast majority of the subjects was right-handed (104/119). Age distribution was not

significantly different between the study groups. Language laterality from tb-fMRI demonstrated



64/119 atypical dominant patients (AD, 56 right-handed, 8 left-handed) and 55/119 left dominants
(LD, 48 right-handed, 7 left-handed). In LGG and HGG sub-groups, AD cases were 43% and 60%
respectively.

In the first VBM analysis, we compared AD vs. LD patients (regardless of tumor grade). The
analysis demonstrated increased cortical volume in AD patients in the following areas: right IFG,
right STG, right insula, right fusiform gyrus, right precentral gyrus (preCG), right temporal-parietal
junction (TPJ), right posterior cingulate cortex (PCC), right hippocampus, right and left lateral
cerebellum. In the second VBM analysis, we compared AD vs. LD patients with HGG. This analysis
showed increased cortical volume in AD patients in the following areas: right IFG, right STG, right
insula, right fusiform gyrus, right preCG, right TPJ, right PCC, right hippocampus, right and left lateral
cerebellum. In the last VBM analysis we compared AD vs. LD patients with LGG. We found increased
cortical volume in AD patients in the following areas: right IFG, right STG, right insula, right fusiform
gyrus, right anterior cingulate cortex (ACC), right PCC, right DLPFC. Selected language-related

areas with increased cortical volume in AD patients are shown in Figure 6 and 7.

Wernicke’s Area

Broca’s Area

Figure 6. Atypical Dominant patients showed increased cortical volume in right-sided Wernicke’s and Broca’s area

homologues



Cerebellum

Fusiform Gyrus

Figure 7. Atypical Dominant patients showed increased cortical volume in right-sided fusiform gyrus and bilateral

cerebellum VI

4.3 SA#3: To characterize different patterns of language reorganization in brain tumors by

means of fMRI, graph theory and intra-operative stimulation

4.3.1 Experiment 1: Analysis of whole-brain, hemispheric and lobar functional networks in 30

patients with LGG, 30 patients with HGG, and 20 HC

Graph Theory Analysis: Whole-brain and Hemispheric Network Analysis

The left hemispheric network of LGG demonstrated significantly increased global efficiency
vs. HC (p=0.03). HGG displayed decreased cost and degree of the right hemispheric network
compared to HC (p=0.028 and p=0.028 respectively). These findings are shown in Figure 8.

Global Efficiency HC Global Efficiency LGG Cost HC Cost HGG




Figure 8. Graph-theory metrics in LGG and HGG hemispheric networks compared to HC

LGG showed significant differences in left vs right hemispheric network (increased global
efficiency p=0.02; decreased local efficiency p=0.01 and clustering coefficient p=0.01). No significant
differences emerged from the comparison of hemispheric networks in HGG and HC, as well as
whole-brain networks.

Graph Theory Analysis: Lobar Networks Analysis

Frontal tumors showed significant network changes in many areas of the left and right
hemisphere regardless of tumor grade. Right-sided changes were located in the Superior Frontal
Gyrus (SFG), while left-sided changes involved the SFG, MFG, and IFG pars triangularis. Temporal
tumors displayed right-sided changes in the STG posterior division, MTG posterior division, MTG
temporo-occipital part, and ITG anterior division. Left-sided changes were located in STG anterior
division, STG posterior division, MTG anterior division, and ITG anterior division. In parietal and
insular tumors, network modifications were limited to left hemisphere: parietal tumors demonstrated
network changes the left Postcentral Gyrus and left AG; Insular LGG were associated to local
changes, while HGG did not produce any significant effects.

4.3.2 Experiment 2: Analysis of individual functional language networks prior to tumor
resection (baseline) and at three intervals after surgery in a prospective cohort of 5

patients with LGG

The cohort of patients analyzed with longitudinal tb-fMRI and graph-theory included 5 100%
right-handed subjects (4 males, mean age 47.6 years) with left-hemispheric LGG involving the frontal
and/or temporal lobe, in the region of eloquent language areas. These patients underwent 4 fMRI
scans with the same phonemic fluency task at the following intervals: pre-op (baseline), post-op1 (4-
8months), post-op2 (10-14months), post-op3 (16-23months).

Visual inspection of fMRI maps demonstrated initial left dominance in 3/5 patients and
bilateral activation in 2/5 patients. Over time, increased right-sided activation was noted in the cases

originally displaying left-dominance (Figure 9).
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Figure 9. Representative case for Type 1 language reorganization. The images show fMRI activation maps obtained with
letter task. The patient was left-dominant on the preoperative fMRI (baseline), with strong activation of Broca’s area. After
surgery, a progressive increase of right-side activations emerges from fMRI maps. T1=4-8 months, T2=10-14 months,

T3=16-23 months.

The 2 patients showing more-than-expected right-sided language activation at baseline

maintained a state of co-dominance up to the last post-operative timepoint (Figure 10).

BASELINE T1 T2 T3

Figure 10. Representative case for Type 2 language reorganization. The images show fMRI activation maps obtained with
letter task. The patient was co-dominant on the preoperative fMRI (baseline), with strong activation of right-sided Broca’s
area homolog. After surgery, atypical dominance is maintained throughout the follow-up period. T1=4-8 months, T2=10-

14 months, T3=16-23 months.

The Broca’s LI calculated on fMRI maps confirmed the findings observed at visual inspection

(Figure 11). The linear mixed model used to compare LI values across each patient’s timepoints



demonstrated a significant decreasing trend (p <0.001). No significant correlation was found

between LI values and language performance (BNT p=0.19, PVF p=0.64, CF p=0.21).

fMRI Laterality Index Connectivity Index

Case 1
Case2

Case3
Case4
Case 5

T1 T2 T3 T4 T1 T2 T3 T4

Figure 11. The left panel shows the fMRI laterality index for all cases across the four timepoints of the study (T1-T4).
Values above 0.2 were considered left dominant. The right panel shows the connectivity laterality index for all cases across
the four timepoints of the study (T1-T4). The closer the values are to 0.5, the more balanced is the connectivity between

the two hemispheres. Values above 0.5 point to higher participation of the left hemisphere. (Submitted for publication)

Connectivity diagrams obtained through optimal percolation technique provided a similar
picture to that of fMRI maps: 3/5 patients showed predominant left hemispheric connections at
baseline (Figure 12), while bilateral connectivity was noted in 2/5 patients (Figure 13). Over time, the
cases originally displaying left-dominance showed a progressive increase in right-sided inter-
hemispheric connections, including language-related areas: BA (5/5), WA (3/5), premotor cortex

(2/5), middle frontal gyrus (5/5), insula (3/5).
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Figure 12. Representative case for Type 1 language reorganization. The images show connectograms obtained with
optimal percolation theory. The patient showed predominant left connectivity on the preoperative timepoint (baseline). After
surgery, a progressive increase of right-side connectivity emerges from the diagrams. T1=4-8 months, T2=10-14 months,

T3=16-23 months.
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Figure 13. Representative case for Type 2 language reorganization. The images show connectograms obtained with
optimal percolation theory. The patient showed bilateral connectivity on the preoperative fMRI (baseline). After surgery,
bihemispheric connectivity is maintained throughout the follow-up period. T1=4-8 months, T2=10-14 months, T3=16-23

months.

The CIl evaluation confirmed these results, by showing predominant left hemispheric
connectivity at baseline in the same 3/5 cases and more bilateral connectivity in the remaining 2/5
patients (Figure 11). In particular, case 1 changed from 0.75 to 0.46 on the last follow-up; case 3
shifted from 0.71 to 0.44; case 4 changed from 0.59 to 0.46. Two/five cases maintained high

bihemispheric connections throughout the scans: the Cl of case 2 changed from 0.46 to 0.50 on



post-op 3; case 5 shifted from 0.24 initially to 0.35 on post-op 3 (0.5 representing perfectly balanced
connections between the hemispheres). However, the statistical analysis of Cl values did not confirm
a significant decreasing trend (p=0.27), probably due to initial fluctuations at the first post-surgical
timepoint. No significant correlation was found between CI values and language performance (BNT
p=0.29, PVF p=0.97, CF p=0.11).

4.3.3 Experiment 3: Comparison of functional language networks in patients with speech

arrest (SA) vs. no speech arrest (NSA) during intra-operative cortical stimulation.

The patients recruited for this experiment included 44 subjects (28 males, mean age 44.4
years) with left perisylvian LGG.). Tumors involved the frontal lobe (29), insula (19) and temporal
lobe (9). BA was involved by 17 tumors, Wernicke’s area (WA) by 4 tumors. Twenty-four patients
demonstrated speech arrest during awake surgery, while 20 showed no speech arrest.

Connectivity diagrams obtained through optimal percolation technique showed increased
total number of intra- and inter-hemispheric links in NSA patients. Besides increased whole-brain

connectivity, the diagrams showed enhanced right-sided connections intra- and inter-hemispheres

across scans, including language-related areas (Figure 14).
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Figure 14. Representative cases for patients with speech arrest (SA) and no speech arrest (NSA) during intra-operative
stimulation of left dominant language areas. The images show connectograms obtained with optimal percolation theory.
Patients with SA showed left localization of core language areas. In NSA patients, the language network was more bilateral,

with increased recruitment of the right hemisphere

The Cl evaluation demonstrated increased connectivity of right-sided core language areas in
NSA compared to SA patients, as demonstrated by the Mann-Whitney U-test (p<0.001). The mean
Cl for NSA patients was 0.48, with standard deviation of 0.2. The mean CI for SA patients was 0.80,
with standard deviation of 0.09.

The Chi-square test identified significant correlations between speech arrest and the
following variables: Pre-operative speech deficits (p=0.011, more in SA), post-operative speech
deficits (p=0.006, more in SA), insular tumor location (p=0.017, more in NSA), Broca’s area invasion

(p=0.023, more in NSA).

5 DISCUSSION

5.1 Tumor growth in the left hemisphere is associated with inter-hemispheric language

reorganization and structural modifications of cortical volume

Our results confirmed that patients with left-hemispheric tumors develop more right-
hemispheric activation than what is expected in the normal population from prior studies (Figure 5)
[70,71]. Such findings support the idea of tumor-induced language plasticity. Furthermore, we
demonstrated that inter-hemispheric language reorganization in patients harboring left-hemispheric
gliomas is associated with increased cortical volume in right-sided language-related areas. These
areas include BA homolog, WA homolog, the right fusiform gyrus (involved in face-recognition and
semantic processing [40]) (Figure 6 and 7). Cortical volume increases were also detected in the left
and right lateral cerebellum (segment VI), which is known to host language function [46] (Figure 7).
The reorganization of cerebellar networks in patients with brain tumors has already been shown in

previous studies [88], including the association with increased cortical volume [89]. These results



support the idea that tumor growth in the left hemisphere determines contralateral reorganization of
the language network, characterized by new cortical activations and underlying increase in cortical
volume.

Modifications of cortical volume in language reorganization may depend on different
mechanisms. Synapse formation and cortical rewiring may be promoted by neuronal activity and
transmitter release in intensely activated areas [58]. Draganski at al. demonstrated that the process
of learning new functions may lead to cortical thickening of specific brain areas involved in the
improved function [61]. For example, exercising may lead to increased volume of the motor cortex
in mice [145]. Such modification can develop as soon as after three to six months of training in
humans [62,116]. In a similar way, brain lesions may induce synaptogenesis and rewiring, even from
afar. Dancause et al. studied the effects of ischemia on the brain of squirrel monkeys, demonstrating
extensive perilesional axonal sprouting, with the formation of new connections with distant regions
[69]. Based on our results and previous literature, we theorize that patients with left-hemispheric
brain tumors invading eloquent language areas can recruit contralateral homologues, leading to

intense activation of these areas and increased cortical volume (Figure 15).




Figure 15. Exemplification of our theory regarding the neurobiology of language reorganization. The brain recruits
language areas homologues in the right hemisphere to overcome clinical deficits (A). The intense activation of newly

recruited areas leads to synaptogenesis and increased cortical volume (B).

5.2 Language reorganization appears to be influenced by age, sex, frontal location, BA and
WA invasion, tumor pathology, EGFR amplification, IDH mutation, MGMT methylation,

FGFR mutation

Currently, there is poor understanding of the determinants of language plasticity, meaning
tumor and patient features which are associated with increased likelihood of reorganization. Specific
tumor locations associated with plastic phenomena have seldom been investigated before [27,80].
We found a significant correlation between atypical dominance on frontal and Broca’s LI, and
involvement of BA from HGG. Prior evidence from |IOS during awake surgery suggests that BA may
be more prone to plasticity than other eloquent language areas, with the potential of reorganizing to
surrounding frontal or insular cortices [15]. As a consequence, brain tumors invading frontal areas
may more often produce in cortical reorganization than those in temporal regions [80]. Our results
are in agreement with these findings, confirming BA propensity for plasticity in the form of inter-
hemispheric reorganization.

Tumor genetic and molecular features demonstrated a significant correlation with language
laterality. These features influence the tumoral cytoarchitecture, guide tumor growth, pattern of
spread, and interaction with its surroundings. In our results, MGMT hypermethylated HGG
demonstrated increased language reorganization. This fact can be explained by the survival
advantage of such epigenetic change [146], with the result of more time to develop plasticity.
Increased right-hemispheric activity was also associated with EGFR amplification, which is known
to affect tumor vascularity and perfusion [147,148]. The result can be at least partially explained with
the correlation between increased tumor vascularization and neuro-vascular uncoupling (NVU)
[149], which implies the suppression of peritumoral BOLD signal (“pseudo-reorganization”).
Language reorganization was also associated with lack of FGFR mutations. FGFR abnormalities are

oncogenic by promoting tumor proliferation and migration [150], and they are frequent in



glioblastomas [150]. Consequently, increased proliferation and tumor aggressivity related to FGFR

mutation may limit the plastic potential of the brain.

5.3 Tumors of different location produce different effects on brain connectivity, both locally

and in distant regions. LGG may show more favorable connectivity changes than HGG

We found increased global efficiency of the left hemispheric network in LGG patients
(ipsilateral to the tumor) compared to HC (Figure 8), which points to higher inter-connectedness and
more efficient information transfer. Other authors described similar increments of brain connectivity
in glioma patients compared to healthy subjects. These network modifications may represent intra-
hemispheric reorganization in the setting of LGG, a widely described phenomenon [15,98]. The
novelty of our results consists in the evaluation of the reorganized network through graph-theory
metrics, which demonstrated beneficial changes in terms of network efficiency. Our results point to
a higher inter-connectedness of the entire left-hemispheric network in LGG, with decreased locality
(sub-graphs are less inter-connected within their neighborhood and more connected to the entire
network). These changes suggest a type of functional reorganization centered on the expansion of
the left hemispheric network by recruitment of ipsilateral brain regions and shift from locality to global
efficiency.

The situation was different in HGG, with a trend of decrease in all graph metrics values in the
left hemisphere compared to HC, although without reaching statistical significance. Peritumoral
BOLD signal depression is expected in HGG due to NVU [151,152], which translates into local
connectivity impairment [153]. On the other hand, the hemispheric connectivity analysis in HGG
showed significant decrease of cost and degree in the right hemispheric network compared to HC
(Figure 8). Many studies support the idea of gliomas producing global effects on the brain, including
alterations of the function of remote areas [154]. These tumors are deemed to involve the ‘whole-
brain’ through widespread microscopical infiltration since early stages[155]. The decreased cost and
degree of the right hemispheric network seem to highlight the specific effect of HGG on brain

connectivity. Aggressive tumors may reproduce the effects of a stroke, including the phenomenon



of diaschisis, described as loss of excitability, reduced metabolism and/or blood flow in remote areas
with respect to the causative lesion [156]. Diaschisis can lead functional changes of the brain
connectome, including disconnection and reorganization of distant sub-graphs [156]. Our results
seem to support a similar effect on functional connectivity driven by the rapid growth of HGG. Our
findings also point to a certain degree of inter-hemispheric reorganization in HGG, as described by
prior studies, including translocation of eloquent language areas[7,8,79].

The analysis of lobar networks further highlighted the importance of tumor location for network
changes. Frontal and temporal tumors showed bihemispheric modifications of functional
connectivity, while parietal and insular tumors demonstrated local effects only (i.e. limited to the left
hemisphere). This may be related to higher concentration of eloquent cortices in the left frontal and
temporal lobes [47], compared to parietal and insular cortices [157]. Eloquent areas may act as
‘connectors’ in the functional connectome [77], leading to deeper modifications of the network when
damaged from a tumor compared to peripheral areas [158]. Additionally, functional modifications
induced by temporal tumors consisted in the decrease of all graph metrics in both hemispheres,
regardless of tumor grade. Briganti et al. investigated the effects of posterior vs. anterior tumors on
the connectivity of the language network, showing decreased functional connectivity in posterior
gliomas [74]. Based on these findings, we may speculate that temporal tumors exert detrimental

effects on brain connectivity, while plastic changes may more likely occur with frontal lesions.

5.4 Two patterns of language reorganization were identified: Type1 changes may in part be

treatment-related; Type2 may be tumor-induced, since already present at baseline

Language reorganization across the cerebral hemispheres in LGG patients may reflect
different factors. Through serial f/MRI acquisitions we were able to observe the development of plastic
changes over more than 12 months, making possible to infer different patterns of reorganization. In
Type 1 changes (Figure 9 and 12), patients showed strong left-dominance at baseline, with
subsequent slow recruitment of the right hemisphere over the observation period. This type of

plasticity appears to be influenced by the treatments which the patients were subject to, including



surgical resection. Previous authors provided strong evidence that surgical resection of brain tumors
in eloquent language areas may be induce reorganization, possibly affecting the surgical outcome
[98,100,159]. Other treatments may also play a role in this type of plasticity. Chemotherapy causes
structural and functional modifications in the brain [160], which may persist after the recovery of
cognitive deficits, suggesting that brain plasticity is tightly connected to functional recovery [160].
Our results support the use of longitudinal fMRI after surgery to monitor the development of
reorganization and to tailor therapeutic interventions on a case-by-case basis.

Type 2 plasticity appears to reflect tumor-induced other than treatment-induced
reorganization, because of their presence from the first scan, which was acquired pre-operatively
(Figure 10 and 13). Tumor-induced language reorganization has been described by several prior
studies, including inter- and intra-hemispheric modifications [7,8,14,97]. For example, Rosenberg et
al. described inter-hemispheric translocation of BA over two years of observation before surgery in
a patient with LGG [113]. Type 2 cases showed a relatively stable bihemispheric connectivity, with
less visible left-to-right shift of activation than Type 1 patients. This fact may be related to different
time-windows for the two types of reorganization, with surgery-induced functional changes being
faster than tumor-induced plasticity. Patients with Type 2 plasticity also displayed larger tumors than
Type 1, possibly indicating longer disease duration.

None of the 5 patients included in this analysis showed significant changes in language
performance scores during the follow up period. This evidence may support the idea that inter-
hemispheric language reorganization is not associated ‘per se’ with clinical improvement, as
suggested by other authors [98]. Increased connectivity and recruitment of the right hemisphere may
represent the initial step of reorganization, creating a permissive environment to develop
compensatory phenomena [67]. On the other hand, the increased whole-brain connectivity and the
right shift of activation may contribute to preserve language function against the negative effects of
glioma invasion, surgical resection and chemo-radiation. Particularly, systemic treatments and brain
radiation may determine inflammation and demyelination of the neural tissue, reduction of

neurogenesis, and hormonal changes [160]. These factors can cause cognitive impairment and



affect brain connectivity [161,162]. In this view, plastic phenomena could at least partially

compensate for treatments cognitive side effects, preventing further decline in performance [160].

5.5 Patients with lack of speech arrest during intra-operative stimulation displayed
increased core connections in the right hemisphere and better clinical performance

compared to patients with SA who retained the language core in the left hemisphere

The last experiment of this project explored the relationship between language reorganization
observed intra-operatively during awake surgery and fMRI. We demonstrated the right-shift of
language core connections on fMRI in patients with surgically-proven language reorganization (NSA)
(Figure 14). Based on these findings, one may hypothesize the lack of speech arrest during 10S
being associated with the development of new connections in the right hemisphere. Our results are
in line with this hypothesis, showing significantly increased activity of right-hemispheric language
areas homologues in NSA patients. Li et al. used fMRI and graph-theory to demonstrate the adaptive
connectivity underlying language plasticity in a patient undergoing surgical resection of BA, showing
the development of new connections: after surgery, the newly active right-sided BA homolog was
connected to the remaining language areas through the SMA [14]. In the current study, patients with
reorganized language showed connections with the right hemisphere that were not present in the
healthy population nor in SA patients (Figure 14). These difference may point to the development of
new connections in NSA patients, in a similar way to the study by Li et al. [14].

The other main result of this experiment was the evidence of improved clinical performance
in patients with lack of speech deficits during IOS and right translocation of core language
connections on fMRI. There are few reports about the clinical meaning of language reorganization.
Rivera-Rivera et al. employed TMS to stimulate right-sided language areas prior to surgery,
achieving low postoperative deficits despite resection of eloquent cortex [163]. Shaw et al. reported
that patients with language reorganization may show better performance on the BNT [42]. In a similar
way, Quinones et al. associated the longitudinal development of reorganization with decreased post-

treatment aphasia [164]. In our study, we evaluated the presence of speech deficits at three



timepoints via standard neurologic testing. We found significantly lower speech deficits in NSA
patients at the time of surgery and in the immediate post operative setting, compared to SA patients.
Conversely, differences in speech deficits 3 months after surgery were not statistically significant.
This evidence supports the hypothesis of compensatory nature of inter-hemispheric language
reorganization. In this view, right-sided language areas homologues take over the function of tumor-
invaded cortices in the dominant hemisphere, leading to compensation of speech deficits.
Compensatory (adaptive) plasticity has been described from a network perspective by previous
authors. Deverdun et al. showed that the resection of brain tumors may lead to translocation of
function to nearby areas [99]. Similar results have been reproduced in stroke [165]. In our patients,
the better clinical performance before and immediately after surgery seem to suggest compensatory
effects of tumor-induced plastic changes. If confirmed by future studies, the evidence of language
reorganization may support clinical decision making in the preoperative setting, affecting the surgical
approach and supporting a more aggressive tumor resection. Given time, the brain seem to actuate
compensatory mechanisms even in patients who retained left lateralized language prior to surgery.
In fact, speech deficits were similarly low in both patient groups 3-6 months after surgery. Although
this experiment did not include post-surgical scans, we may speculate that SA patients developed
some degree of language reorganization after surgery, similarly to the results of experiment 2 (Type

1 plasticity).

6 CONCLUSIONS

The discovery of new treatments has increased the life expectancy of patients with brain
tumors, so that long-term life quality preservation has become pivotal in neuro-oncology. Language
plasticity has direct effects on the clinical management of brain tumor patients, including surgical
approaches and timing. Multi-step tumor resection has been proposed by Duffau et al. for LGG
based on the fact that post-surgical development of plasticity may allow for better compensation of
clinical deficits [166,167]. Furthermore, a better understanding of brain plasticity may enable the

induction of plastic phenomena to enhance the recovery of cognitive deficits. Preoperative cortical



stimulation and behavioral training in patients with gliomas in eloquent areas has been shown to
accelerate plastic changes [163], allowing for supramarginal tumor resection, improved post-surgical
outcome and overall survival.

This work contributed to the advancement of our understanding of the complex
phenomenon of language reorganization in the setting of brain tumors. Through our analyses, we
explored neurobiological mechanisms of plasticity, common associations with patients’
demographics, tumor genetics and location, as well as the specific modifications of the language
network underlying plastic phenomena. Future developments will focus on promoting plastic
changes through non-invasive stimulation techniques, such as TMS, and on the correlation with

postsurgical outcomes.
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