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A B S T R A C T   

Brain plasticity potential is a central theme in neuro-oncology and is currently receiving increased attention. 
Advances in treatment have prolonged life expectancy in neuro-oncological patients and the long-term pre
servation of their quality of life is, therefore, a new challenge. To this end, a better understanding of brain 
plasticity mechanisms is vital as it can help prevent permanent deficits following neurosurgery. 

Indeed, reorganization processes can be fundamental to prevent or recover neurological and cognitive deficits 
by reallocating brain functions outside the lesioned areas. According to more recent studies in the literature, 
brain reorganization taking place following neurosurgery is associated with good neurofunctioning at follow-up. 
Interestingly, in the last few years, the number of reports on plasticity has notably increased. 

Aim of the current review was to provide a comprehensive overview of pre- and postoperative neuroplasticity 
patterns. Within this framework, we aimed to shed light on some tricky issues, including i) involvement of the 
contralateral healthy hemisphere, ii) role and potential changes of white matter and connectivity patterns, and 
iii) reorganization in low- versus high-grade gliomas. 

We finally discussed the practical implications of these aspects and role of additional potentially relevant 
factors to be explored. Final purpose was to provide a guideline helpful in promoting increase in the extent of 
tumor resection while preserving the patients’ neurological and cognitive functioning.   

1. Background and definitions 

It is now ascertained that the adult brain has a remarkable plasticity 
potential, too. This helps coping with brain lesions and preventing the 
onset of permanent functional deficits (see Kolb et al., 2010). Plasticity 
reflects the capacity of the brain to reorganize itself, for instance 
through development or unmasking of alternative neuronal patterns 
supporting brain functions. 

In the case of gliomas, plasticity can occur first preoperatively, 
when it is triggered by tumor growth, and then postoperatively, with 
reorganization mainly prompted by surgery (Gil Robles et al., 2008; 
Saito et al., 2014). As a general framework, reshaping triggered by 
brain damage is defined in terms of functional plasticity (e.g., Xerri, 
1998), namely the shift of functions from the lesioned area to un
damaged areas. This process may entail reorganization across different 
brain areas, either belonging to the same network or to other networks 
(i.e., cross-modal plasticity, see Duffau, 2006). Functional imaging – 
together with other approaches described in this review – is well suited 
to investigate the shift of brain functional activations and the overall 

brain reorganization (see Fig. 1). 
This review is focused on both pre- and postoperative plasticity in 

patients with glioma. Before reviewing the findings from included 
studies, we introduce some key concepts to set the context for discus
sion. We first discuss brain reorganization in gliomas as compared to 
other neurological conditions; we then explain why it is important to 
study plasticity in neuro-oncology and detail the main issues that are 
still open. We then illustrate the approaches adopted by the selected 
studies to investigate plasticity and how the reported findings can be 
interpreted in the plasticity perspective. 

2. Plasticity in neuro-oncology as compared to other neurological 
conditions 

The nature of the lesion is the first factor to be relevant to plasticity. 
Gliomas and other brain lesions, such as strokes or traumatic injuries, 
differ under several aspects. One aspect is the temporal scale. Strokes 
and traumatic injuries cause sudden brain tissue damage with symp
toms manifesting over a period of minutes or hours, whereas the slower 
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growing rate of gliomas determines a subtler and delayed onset of 
symptoms. This was especially observed in low-grade gliomas (LGGs), 
whereas the temporal manifestations of symptoms associated with high- 
grade gliomas (HGGs) can be located in between (see afterwards). 
Nevertheless, although both LGGs and HGGs are more circumscribed 
than strokes, their impact on brain functioning is likely to be different. 

There are also anatomical differences to consider. First, these clin
ical conditions differ in extent and site of lesions. In most patients with 
vascular etiology, brain lesions are not limited to a single lobe but 
encompass several brain structures, whereas patients with gliomas 
usually display relatively circumscribed lesions (e.g., Tomasino et al., 
2015; 2019). Differences also exist in lesion-border sharpness, making 
strokes easily identifiable on computerized tomography and magnetic 
resonance images. By contrast, gliomas – and especially LGGs – are 
infiltrative lesions often lacking uniformity and clear boundaries (e.g.,  
Duffau, 2009a). 

Lastly, there are differences in the lesion-related biochemical pro
cesses (see Vajkoczy & Menger, 2000) and in alterations of the phy
siological processes occurring in peri-lesional areas (e.g., inflammation, 
reduced vascular reserve, tumor micro-invasion), which may actually 
affect plasticity. 

Because of these differences, several studies aimed to compare 
plasticity between gliomas and other neurological conditions. For in
stance, Varona et al. (2004) carried out a comparison between strokes 
and gliomas and observed that the former generally cause more de
structive effects, as inferred by the lower percentage of patients with 
good functional outcome (26% vs. 90% in gliomas; see also Keidel et al., 
2010). This suggested the abrupt onset of strokes severely affected the 
plasticity processes, therefore the functional recovery. 

Carpentier et al. (2001) observed, instead, that brain tumors in
duced only a mild reorganization (mainly grades 1 to 3 on a scale up to 
6) when compared to congenital abnormalities such as arteriovenous 
malformations. As the latter developed early in life, there was more 
time for consistent brain reorganization (see also Deng et al., 2015). 
However, studies focusing on the gliomas generally observed remark
able successful reorganization. 

Overall, especially for slow-growing tumors (see further down), 
reorganization has been observed to take place following four different 
possible patterns, which begin in the preoperative period and can then 
continue in the postoperative phase (e.g., Bonnetblanc et al., 2006; 
Desmurget et al., 2007; Duffau, 2005; 2008;; Duffau et al., 2003). Be
sides inter-individual differences, these patterns have been proposed to 
occur hierarchically and consist in: i) persistence of functional 

activation within the tumor; ii) function translocation to peri-tumoral 
areas; iii) recruitment of remote areas within the same hemisphere; iv) 
recruitment of the homologues of the affected areas in the contrale
sional hemisphere. 

3. Relevant research questions regarding plasticity in neuro- 
oncology: aims of the review 

3.1. Why studying plasticity is fundamental? 

Understanding the mechanisms of these reorganization processes is 
crucial for their clinical impact. As previously illustrated, compensatory 
brain reorganization in the preoperative period can delay the onset of 
functional deficits that would arise from the invasion of a given struc
ture by a growing glioma and hence enables safe resection of the in
vaded area (e.g., Pallud et al., 2013; see, Duffau, 2005; 2008); similarly, 
postoperative plasticity can help recover from potential deficits asso
ciated with the possible removal of still-functional brain tissue (e.g.,  
Krainik et al., 2003; Kristo et al., 2015). 

Trying to shed light on the plasticity potential of a given brain 
structure or network is fundamental for the neurosurgical procedure. 
Indeed, the aim of surgery is achievement of the ‘onco-functional bal
ance’, namely maximal resection with minimal neurofunctional impact, 
which can be likely reached when resection is performed in functionally 
compensable structures (see Duffau and Mandonnet, 2013). In this re
spect, successful resection was also reported for the eloquent regions, 
meaning areas traditionally thought to be crucial for a given function 
and therefore inoperable. 

Notably, studying plasticity in relation to gliomas is not only relevant 
for clinical purposes but also for research purposes. In fact, it represents a 
unique brain lesion model, which is much more informative about brain 
processes than stroke models. It actually enables a comparison between a 
“pre” and a “post” phase, further allowing an online in vivo assessment of 
the process while resection is being performed. In addition, as these lesions 
are focal (contrary to strokes), it is possible to monitor changes (i.e., im
pairment and recovery) in specific brain functions, thus providing more 
clear-cut information about related processes. 

3.2. Contralesional hemisphere, subcortical white matter, tumor grade, and 
functional significance 

The current review aimed to provide a comprehensive overview of 
neuroplasticity in patients with glioma. With respect to previous 

Fig. 1. Examples of plasticity causes (first level), types and examples (second level), and approaches of analyses (third level) used for studying re-shaping. The type of 
neuroplasticity associated with brain glioma is indicated. Note. DTI = diffusion tensor imaging; FC = task-based functional connectivity; fMRI = functional magnetic 
resonance imaging; RS = resting-state connectivity; VBM = voxel-based morphometry. 
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reviews on the topic (e.g., Cirillo et al., 2019; Duffau, 2014), this review 
aimed to explore the extent of plasticity not only associated with glioma 
growth but also with surgery, the latter being more poorly explored. 
The studies we reviewed investigated plasticity under different aspects 
and by different methodologies. We hence checked for an agreement 
between the findings detected by different approaches, in order to avoid 
possible biases associated with use of a specific technique. Discussing 
the findings observed when different methodologies were used, was 
also to shed light on still-unanswered questions. 

The first issue we addressed concerned the efficacy in compensation 
by the healthy hemisphere. According to the literature on strokes, re
cruitment of the contralesional hemisphere is, in the long term, fre
quently maladaptive (for a review see Anglade et al., 2014); indeed, it 
was normally associated with poorer recovery – for instance in lan
guage (e.g., Naeser et al., 2005) and motor (e.g., Werhahn et al., 2003) 
functions – in comparison with the recovery associated with recruit
ment of unaffected areas within the lesional hemisphere. Moreover, it is 
necessary to shed light on the role of the healthy hemisphere at both 
pre- and postoperative stages. 

Second, there was a need to shed light on subcortical white matter 
plasticity. A low plasticity potential is normally attributed to white 
matter, although a possible ‘subcortical plasticity’ has been observed 
(see Duffau, 2009b; Duffau et al., 2013). Moreover, integrity of the 
white-matter fascicles is fundamental to drive the whole brain re
modeling, because the compensatory recruitment of spared areas is 
feasible only if a proper communication between the involved areas is 
preserved (e.g., Duffau et al., 2009). 

As a third point, it was necessary to investigate the impact that the 
tumor grade may have in modulating the degree and effectiveness of 
plasticity processes. Reorganization prompted by tumor growth has 
been normally observed in LGGs (grades I and II), which grow at a very 
slow rate (4 mm/year, see Mandonnet et al., 2003) and therefore leave 
time for the brain to rearrange. As a result, reorganization frequently 
delays the onset of detectable sensory-motor or cognitive dysfunction 
for months or even years (e.g., Duffau, 2005; 2008;; Pallud et al., 2013). 

On the other hand, HGGs such as the glioblastomas (grade IV) have 
a faster growing rate and frequently cause a detectable neurofunctional 
impairment (e.g., Campanella et al., 2008; Noll et al., 2015). Never
theless, there is some evidence that compensatory processes are a 
prerogative of gliomas as infiltrating lesions, irrespective of their grade. 
With this review, we aimed to shed light on the potential development 
of plasticity processes in patients with HGG as well. 

A last crucial question concerns the behavioral and functional sig
nificance of the observed neuroplasticity patterns, in other words how 
the observed findings can be interpreted in terms of plasticity. 
Neuropsychological or sensorimotor data need to be collected in order 
to answer questions such as how it can be concluded that a re
organization pattern was relevant to prevent, reduce, or allow re
covering a functional deficit. Most (yet not all) published studies pro
vide neuroimaging data along with the patients’ cognitive or 
sensorimotor profile. This is fundamental, as the observed alternative 
pattern of activations can be related to the functional outcome and be 
interpreted accordingly (see paragraph 5.2). 

By structuring the review in pre- versus postoperative plasticity, we 
addressed the above-mentioned issues, in order to shed light on i) the 
compensatory role of the contralesional (i.e., healthy) hemisphere; ii) 
the plasticity potential of the white matter and its role in promoting 
reshaping; iii) the effect of tumor grade on plasticity. We focused on the 
functional and/or structural brain changes in single brain structures but 
also at the whole-brain level. Regarding this, we discussed the outcome 
interpretation in a hodotopic perspective, meaning a delocalized (rather 
than modular) view, in which a brain function is supported by groups of 

connected neurons firing in synchrony rather than by individual centers 
(see Catani and ffytche, 2005; De Benedictis and Duffau, 2011). 

4. Methods 

4.1. Criteria for paper selection 

Given the above-listed aims, we carried out a literature search in 
MedLine, Scholar, and Scopus databases, to select papers addressing 
plasticity associated with tumor growth and/or tumor surgery in pa
tients with glioma. We selected studies based on the following inclusion 
criteria: i) assessment of adult patients (age  >  18 yrs) with a diagnosis 
of glioma and absence of any other brain disorders; ii) assessment of 
brain plasticity – before or after neurosurgery – through neuroimaging 
(e.g., magnetic resonance imaging – MRI – and associated techniques, 
positron emission tomography – PET, near-infrared spectroscopy – 
NIRS), electrophysiological (e.g., magnetoencephalography – MEG, 
electroencephalography – EEG), or brain stimulation techniques (e.g., 
transcranial magnetic stimulation – TMS, direct electrical stimulation 
with intraoperative mapping – IOM); iii) publication date in the period 
1995–2019. We hence focused on studies published in the last three 
decades in order to provide an overview of how plasticity has been 
investigated over the years. Given that the majority of the identified 
studies addressed the sensorimotor and the language functions/net
works, we opted to focus on these two systems and then to compare 
them for plasticity processes. 

We excluded i) studies supporting plasticity only indirectly (i.e., 
studies observing preserved or recovered cognitive or sensorimotor 
functions, yet with no evidence of functional or structural brain 
changes); ii) studies reporting results on the brain structure/function 
but not observing changes that could be interpreted in a plasticity 
perspective iii) studies reporting changes in typical resting-state net
works, for complexity of the topic and interpretation of related findings, 
which should deserve a separate review. We only dedicated a section to 
studies having addressed changes in functional connectivity in the two 
selected networks (i.e., sensorimotor and language) and in which seed 
regions were identified by prior fMRI experiments. 

This selection yielded 75 studies (see Tables 1–3), including single- 
case reports, which we listed separately in the result section. We 
identified studies assessing specifically pre- (Table 1) or postoperative 
plasticity. We commented separately the findings about postoperative 
plasticity observed either at the follow-up assessment (Table 2) or in a 
more particular condition, meaning between consecutive surgeries or at 
tumor regrowth (Table 3). We classified studies in tables and figures 
based on the assessment phase by considering the relevance of the re
ported findings, in order to avoid duplicates. For instance, the studies 
addressing plasticity at follow-up commented either directly or in
directly the findings on preoperative reorganization as well but were 
classified under “postoperative plasticity”. Each result was however 
reported in the pertaining paragraph. 

A few considerations regarding the final paper sample are note
worthy (see Figs. 2 and 3): i) the majority of the studies mainly assessed 
preoperative plasticity. This stresses the need to shed light on post
operative plasticity processes; ii) concerning tumor histology, the ma
jority of the studies included patients with both LGG and HGG, others 
focused on LGG, and only a few on HGG; iii) reports about plasticity in 
the language-related areas are more numerous than those regarding the 
sensorimotor network. The primary reason can be twofold: first, it can 
reflect the fact that the language network consists of a high number of 
interconnected areas and therefore the tumor has a high probability to 
invade at least one of these areas; second, the more complex and 
multifaceted nature of language is probably more appealing also for the 
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variety of skills that can be affected (e.g., naming, reading, compre
hension, repetition). 

5. Results 

5.1. Main techniques used to examine glioma-related plasticity 

Techniques assessing brain function and structure are well suited to 
explore plasticity in patients with glioma. The majority of the studies 
looked for changes in functional activation of specific brain areas 
during the execution of given tasks (e.g., motor or cognitive), which 
could be detected through imaging (e.g., functional MRI – fMRI, PET, 
NIRS, and MEG) or non-invasive brain stimulation (e.g., TMS) techni
ques. 

In Fig. 2, it is possible to observe that the majority of the selected 
studies tested functional plasticity by fMRI. In a review on the relia
bility of preoperative fMRI when mapping language areas, Giussani and 
coworkers (2010) observed varied outcomes in the examined reports 
(with specificity 0% to 97% and sensitivity 59% to 100%). However, 
they concluded that high-quality fMRI images may have a good map
ping potential, although confirmation by intrasurgical monitoring is 
recommended. 

A few studies among the selected ones inspected brain activity by 
MEG. The advantage of this technique consists in higher spatial re
solution than fMRI, although the latter is more easily available and 
feasible in clinical settings. However, good agreement between fMRI 
and MEG results has been observed and several studies successfully 
combined the two techniques to guide surgical and clinical treatments 
(see Zimmermann et al., 2019). 

Functional reorganization can be further addressed by investigating 
potential changes in the patterns of communication between multiple 
brain areas. In recent years, in fact, increasing attention has been de
voted to the dynamic effects that tumor growth and resection may have 
even on distant brain areas, in a hodotopic perspective. According to 
this view, it appears fundamental to interpret brain functions and their 
possible impairment by shifting the focus from affected areas to wider 
whole-brain perspective (see Catani and ffytche, 2005; De Benedictis & 
Duffau, 2011). To this end, several studies investigated the changes in 
functional connectivity between involved areas, by looking for differ
ences in coherence in temporal and spatial distributions of the related 
signals. In the studies we selected, connectivity was computed from 
functional fMRI activations, although EEG and especially MEG are well 
suited to investigate functional connectivity (see Stam & van Straaten, 
2012). 

Lastly, a few studies investigated potential changes in the brain 
anatomy in either the gray matter (e.g., structural MRI – sMRI) or the 
white matter (e.g., in anisotropy, detected by diffusion tensor imaging – 
DTI), although these reports are too sparse to drive solid conclusions. 

5.2. What type of imaging result was interpreted as plasticity? 

As regards preoperative plasticity (see Table 1), authors of the se
lected studies postulated the development of compensatory processes 
when they observed a difference in activation loci between patients and 
healthy controls. In other words, a dislocation of a given functional 
activation with respect to its normal anatomical location was likely to 
indicate that a rearrangement had occurred. Moreover, if the functional 
reorganization was detected in the absence of relevant deficits, it could 
be concluded that successful plasticity had taken place. 

Several studies further compared findings from the preoperative 
assessment with the mapping performed during surgery, when the di
rect stimulation of a specific site (with possible concurrent neu
ropsychological testing, see Skrap et al., 2016) revealed whether the 
functional dislocation had actually occurred. 

Concerning postoperative plasticity (see Table 2), a comparison 
with preoperative functional maps can reveal whether a rearrangement Ta
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in clusters of activity occurred following surgery (see Fig. 4 for an ex
emplificative case). In the early postoperative period, many patients 
experienced cognitive or sensorimotor impairment, which was likely 
due to the transitory effects caused by surgery itself (e.g., edema, brain 
swelling, and mechanical traction). The functional recovery frequently 
observed in the following days and months can therefore be attributed 
to the resolution of these effects (e.g., diaschisis). However, especially 
in cases when resection included tissue that was still functional, post
operative recovery concurrent with changes in the activation patterns 
indicated – besides passive resolution processes – an active re
organization (e.g., morphological changes in cells taking on another 
functional specialization and/or reduction in intracortical inhibition 
with consequent unmasking of redundant patterns, see Duffau, 2006). 

Frequent reports of postoperative plasticity came from IOM during a 
subsequent surgery due to tumor recurrence or previous incomplete 
resection. Several studies described an increased extent of tumor re
section at second surgery, because the functional activation had dis
located outside the tumoral area after first surgery (see Table 3). These 
reports are an exquisite evidence of postoperative plasticity. 

5.3. Preoperative plasticity 

Regarding the preoperative period, 13 studies (216 patients) in
vestigated functional changes in the sensorimotor system [LGG: 1 (12 
patients), HGG: 0, both: 11 (187 patients); not specified: 1 (15 pa
tients)]; 28 studies (826 patients) focused on the language system [LGG: 
9 (35 patients), HGG: 2 (2 patients), both: 17 (789 patients)]; 5 studies 
(449 patients) looked at both of them, possibly including additional 
systems [LGG: 2 (389 patients), HGG: 0, both: 2 (27 patients), not 
specified: 1 (50 patients)]. One study assessed structural changes in 84 
patients (all LGG) in a key language area (i.e., the insula), yet without 
addressing language functions. These studies are detailed in Table 1 
(see also Tables 2 and 3). 

Preoperative functional imaging (e.g., Ganslandt et al., 2004; 
Schiffbauer et al., 2001) and intrasurgical electrical stimulation map
ping (e.g., Ojemann et al., 1996; Duffau et al., 2003, 2006) indicated 
that residual functional activity can sometimes persist within the 
tumor. Nevertheless, the compensatory recruitment of an increased 
number of areas (e.g., Esposito et al., 2012) and even of areas belonging 

Fig. 2. Techniques adopted in the selected studies to 
assess plasticity at each time point. Overview of the 
number of studies adopting different approaches to 
provide evidence of plasticity in pre- and postoperative 
phases, the latter either at follow-up or at subsequent 
surgery/tumor regrowth (marked with *). Numbers in 
brackets refer to tested patients. Results are reported 
based on the assessed function/network: sensorimotor 
network (in violet), language (light blue), both (green) 
or neither (pink). Note. DTI = diffusion tensor 
imaging; fMRI = functional magnetic resonance 
imaging; MEG = magnetoencephalography; IOM = 
intraoperative mapping; sMRI = structural magnetic 
resonance imaging; TMS = transcranial magnetic sti
mulation. (For interpretation of the references to 
color in this figure legend, the reader is referred to 
the web version of this article.) 

Fig. 3. Assessed tumor grading at each time 
point. Graphical representation of the proportion of 
studies addressing plasticity in the motor system, 
language system, or both, preoperatively, post
operatively at follow-up, and postoperatively at 
tumor regrowth/subsequent surgery (marked with 
*). Studies are classified according to the tumor 
grade of tested patients: LGG (white), HGG (dark 
gray), both (light gray) or not specified (mixed 
color). 
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to different networks (e.g., Desmurget et al., 2007) is normally de
tected. 

5.4. Preoperative plasticity: perilesional areas 

A frequently described plasticity pattern entails the recruitment of 
perilesional areas to support the functions previously performed by the 
area invaded by the tumor. Some of these results come from in
traoperative mapping studies, which can only monitor the lesional area 
and its surroundings, therefore a possible involvement of the healthy 
hemisphere cannot be excluded. 

The studies we mentioned discussed how various factors may in
fluence the brain reorganization. For instance, the direction of tumor 
growth is fundamental, as it determines which areas are spared and can 
be therefore involved in compensation. In this regard, and concerning 
the precentral gyrus, Wunderlich et al. (1998) observed that ventrally 
versus dorsally growing tumors were associated with unsuccessful dis
placement of motor sites. This meant that the reorganization they in
duced was not functional to preserve the underlying motor function. 
Other anatomical constraints are fundamental for outlining re
organization in functional activations, especially preservation of sub
cortical connections, as discussed further below. 

Importantly, some authors warn on the interpretation of findings 
from functional imaging studies. In some cases, an apparent lack of 
activation in the tumor surroundings did not exclude residual activity in 
these areas, which could be masked by tumor-induced neurovascular 
uncoupling (e.g., Cho et al., 2018; Murata et al., 2004; Ulmer et al., 
2003; 2004). This observation was motivated by the discrepancy that 
sometimes emerged between preoperative fMRI maps and in
traoperative stimulation. Other authors reported instead an agreement 
between data recorded by different approaches (e.g., Roux et al., 2000; 
Zimmermann et al., 2019). Again, the conflict between these results 
stresses the need to actually test functional activations while resection 
is being performed. In addition, the masked ipsilesional activations 
could bias result interpretation, in that they suggest apparently higher 
contralesional plasticity. For this reason, light needs to be shed on the 
actual compensatory role of the homologue regions of the healthy 
hemisphere, which we discuss in the next paragraph. 

Sensorimotor function reorganization was reported following tumor 
growth in perirolandic areas, including the primary motor cortex (e.g.,  
Baciu et al., 2003; Barz et al., 2018; Fandino et al., 1999; Meyer et al., 
2003b; Wunderlich et al., 1998) and the supplementary motor cortex – 
SMA (e.g., Krainik et al., 2001). In these studies, the SMA has been 
assessed in relation to motor functions, although it also plays a role in 
language, in particular with regard to the motor aspect of speech ar
ticulation (see Hertrich et al., 2016). 

With regard to the language network, compensatory recruitment of 
perilesional areas was observed following tumor invasion of crucial 
areas including Broca’s area (e.g., Benzagmout et al., 2007; Lubrano 
et al., 2010; Thiel et al., 2001; for single cases, see Chan et al., 2019; De 
Benedictis et al., 2012; Meyer et al., 2003a; Plaza et al., 2009), 

perisylvian regions such as Wernicke’s area (Ille et al., 2019; Thiel 
et al., 2001), and the left insula (e.g., Duffau et al., 2006; for single 
cases, see Duffau et al., 2001; Li et al., 2019). A limited but feasible 
perilesional compensatory activation was also observed for the pre
motor cortex, which also supports language functions (e.g., Gil Robles 
et al., 2008). 

With respect to one of the key language sites, Benzagmout et al. 
(2007) reported an exemplificative case of patients, all presenting with 
an LGG in Broca’s area, but with absent or limited functional activation. 
These patients displayed activation in surrounding areas (e.g., premotor 
cortex, orbitofrontal cortex, and insula) and had not developed any 
relevant preoperative deficits. This reorganization enabled safe resec
tion of Broca’s area without causing permanent language deficits (for 
similar results, see Lubrano et al., 2010 and the single case in De 
Benedictis et al., 2012). 

5.5. Preoperative plasticity: contralesional homolog areas 

Recruitment of the healthy hemisphere was generally associated 
with preserved or mildly impaired functions, suggesting that it can hold 
a vital role in successful functional plasticity. Recruitment of this 
hemisphere has been assumed to result from transcallosal disinhibition 
(e.g., Heiss et al., 2003), meaning a decrease in inhibition by a specific 
area of the dominant hemisphere over its contralateral homologue via 
the corpus callosum. Other authors observed that anisotropy in corpus 
callosum fibers increases following an insult. This increase was asso
ciated with improved communication between the two hemispheres 
(e.g., Tantillo et al., 2016), then with the activation of the redundant 
contralateral networks (e.g., Bartolomeo, 2014). There are many lit
erature reports of contralateral recruitment for both the sensorimotor 
and the language systems. 

Concerning the former, the healthy hemisphere compensatory en
gagement was observed for the motor cortex (e.g., Baciu et al., 2003; 
Fandino et al., 1999; Tozakidou et al., 2013; Tuntiyatorn et al., 2011;  
Yoshiura et al., 1997; Zimmermann et al., 2019), the sensorimotor 
cortex (e.g., Meyer et al., 2003b), and the SMA (e.g., Krainik et al., 
2001; 2004). 

In spite of this evidence, some authors contended that the con
tralesional homologue activation could reflect, beyond actual re
organization processes, an effort in movement performance, too. 
Indeed, this effort was observed to increase when patients needed to 
cope with increased motion complexity (e.g., Mattay & Weinberger, 
1999) or when they had motor difficulties (e.g., Roux et al., 2000;  
Tozakidou et al., 2013). However, even though the contralesional ac
tivation was engaged to cope with the motor effort, this may not be 
interpreted as an index of maladaptive plasticity (i.e., impaired function 
as the result of recruitment of contralesional instead of perilesional 
areas). This finding alternatively suggests that, when tumor invasion is 
destructive for the affected hemisphere, the healthy one tries to vi
cariate the motor function, although not always to an optimal extent. 

As regards language, its brain representation is left-sided in 

Fig. 4. Exemplificative case of postoperative plasticity. Exemplificative illustration of postoperative plasticity (tested in our laboratory by fMRI, unpublished image), showing 
the change in functional activation on a language task ( i.e., object naming) between the pre- and postoperative phases in a patient harboring an LGG in the left frontal lobe. In a) 
preoperative  >  postoperative activation; in b), postoperative  >  preoperative activation. Color bars indicate t-values. 
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approximately 96% of the right-handed population and 76% of the left- 
handed population, with the remaining cases mainly showing a bi
lateral pattern (e.g., Pujol et al., 1999). Many studies aimed to explore 
whether a glioma in the left hemisphere might affect language laterality 
by inducing activation of the homologue regions in the right hemi
sphere. 

Contralesional activation was reported for Broca’s area (e.g.,  
Buklina et al., 2013; for single cases, see Holodny et al., 2002; Meyer 
et al., 2003a), Wernicke’s area (e.g., single case, Petrovich et al., 2004), 
and the insula (e.g., single-case, Duffau et al., 2001). With respect to the 
left SMA, Krainik et al. (2003) observed greater right-sided involvement 
in patients than in the healthy controls, providing evidence for tumor- 
induced recruitment of the healthy homologue. Nonetheless, the au
thors also observed that patients with greater right SMA engagement 
had developed transient postoperative speech deficits (later completely 
resolved). In these patients, the extent of resection was greater than in 
patients with lower right-SMA involvement, who did not develop 
postoperative deficits. This suggests that greater preoperative involve
ment of the healthy hemisphere favors the resection of the tumoral 
mass also in eloquent areas and that it can be crucial to prevent the 
onset of permanent deficits. 

Studies using repetitive TMS revealed frequent changes in language 
laterality, indicating that the right hemisphere had become language- 
dominant as a result of tumor growth. Indeed, the patients’ perfor
mance was comparable or even more affected following stimulation of 
the healthy right hemisphere than the left lesional hemisphere (e.g.,  
Krieg et al., 2013; Rösler et al., 2014; Thiel et al., 2005; 2006; see also  
Shaw et al., 2016, for greater occurrence of co-dominant rather than 
left-sided lateralization for tumors invading subcortical gray-matter 
structures involved in language, for instance the basal ganglia). A 
comparison with a group of healthy controls allowed inferring that it 
was the clinical condition which influenced lateralization, and not a 
possible preclinical right-sided involvement. 

In fact, one can contend that the degree of plasticity associated with 
the right hemisphere is also influenced by the preclinical language la
teralization, as left dominance does not exclude a possible partial in
volvement of the right hemisphere. Findings from the healthy popula
tion showed that the degree of lateralization had an effect on the degree 
of susceptibility to damage following a virtual focal lesion as lower 
deficits were detected in individuals with a more bilateral language 
network (e.g., Knecht et al., 2002). This entails that patients with a left- 
sided glioma, but with an already preclinical less strong left later
alization, could more easily engage the right hemisphere to compensate 
for tumor growth. Nevertheless, preclinical language lateralization 
appeared of secondary importance in comparison to the consistent la
terality changes promoted by tumor growth, especially in the case of 
slowly growing lesions (Thiel et al., 2006; see also Traut et al., 2019, for 
postoperative changes in laterality). 

Interestingly, several single-case studies reported preoperative 
translocation of either Broca’s (e.g., Holodny et al., 2002; Li et al., 
2019) or Wernicke’s area (e.g., Petrovich et al., 2004), even though the 
other non-affected area was still active in the left (language-dominant) 
hemisphere. Notably, this reorganization then enabled total resection of 
the no-longer functional left area, without causing permanent language 
deficits. It was also suggested that the activation of the contralateral 
homologues of Broca's and Wernicke's area was dependent on the 
specific language function assessed, indicating possible task-specificity 
in the reorganization patterns (Partovi et al., 2012). 

A debate exists around the effectiveness of right-sided activation for 
language. Evidence from children experiencing early left hemi
spheroctomy indicated that the language network can fully develop in 
the right hemisphere following an early insult (e.g., Danelli et al., 
2013); however, it also suggests that this hemisphere alone cannot 
support full language mastery. In patients with glioma, too, the con
tralateral activation did not always ensure optimal performance (e.g.,  
Krieg et al., 2013; Meyer et al., 2003b; Petrovich et al., 2004). 

These partly contradictory findings might be explained in multiple 
ways. First, the persistence of at least minimal function in the affected 
area can be essential for a successful preoperative reorganization in
volving the contralateral hemisphere (e.g., Thiel et al., 2005; 2006). A 
second, possibly complementary view emerged from a TMS study on 
healthy subjects (Hartwigsen et al., 2013). Here, a virtual lesion over 
the left inferior frontal gyrus induced compensatory activation of the 
contralateral homologue. This activation, in turn, was thought to have a 
facilitatory effect on the residual function of the affected region and 
contribute to preventing the language deficits. Furthermore, as evi
denced by a meta-analysis on residual and recovered language func
tions in patients with stroke-induced aphasia (Turkeltaub et al., 2011), 
some contralateral brain regions can be proper functional homologues 
of affected areas, whereas others could not support successful re
organization. 

Besides changes in functional activation, gliomas were observed to 
cause structural brain changes, too. A recent voxel-based morphometry 
study involving 84 patients with LGG in the insula detected a significant 
increase in the gray-matter volume of the contralesional insula 
(Almairac et al., 2018). However, cognitive functions were not ad
dressed in this study, hence the functional meaning of this compensa
tory process is not known. 

Finally, Zhang et al. (2018) found an increase in the bilateral cer
ebellar gray-matter volume as a response to left supratentorial glioma 
growth in patients with LGG but not HGG (vs. healthy controls). This 
was observed in regions with increased neural activity in the con
tralesional hemisphere, too, and highlights the even long-range con
tralesional effects of tumor growth. As changes in neural activity were 
positively related with language performance, structural changes were 
likely to reflect successful compensation. 

Taken together, these findings imply that the contralesional hemi
sphere often exerts a compensatory role starting from the preoperative 
phase. Nevertheless, the leading role that emerged in some studies 
could need, in some circumstances, to be scaled down, for instance 
because its activation is not always sufficient to ensure an optimal 
functional compensation. Against this background, it is possible to as
sume that the functional outcome is likely to depend – rather than on 
specific activations – on the set of areas that are overall recruited across 
both hemispheres. 

5.6. Preoperative plasticity: white matter and connectivity 

5.6.1. Preoperative plasticity: white-matter reorganization 
In this process of brain reorganization, the subcortical white matter 

holds a crucial role and preserving its integrity appears fundamental for 
the overall brain remodeling (see Duffau, 2009b, Duffau and 
Taillandier, 2015). In this respect, while carrying out direct electrical 
stimulation during awake surgery, Papagno et al. (2011) observed that 
the cortical sites involved in an object-naming task were displaced from 
their expected location but were connected by the same subcortical 
pathways. This finding indicates that reorganization at the gray-matter 
level is driven by the same white-matter structures that originally 
connected the areas of a given network and that can promote the de
velopment of a compensatory network by connecting the newly re
cruited areas. 

On the other side, the white matter may represent a limit for plas
ticity when invaded by the tumor (e.g., Ius et al., 2011; see also the 
single case in De Benedictis et al., 2012). This occurs as gliomas are 
intra-axial tumors originating from glial cells and then infiltrating the 
healthy brain tissue by running along the white-matter fibers. The in
cidence of neurological impairment is indeed higher for tumors in
vading the white matter (e.g., Smits et al., 2015), and this has been 
attributed to its lower plasticity potential (e.g., Herbet et al., 2016). 

The lower plasticity potential of the subcortical fascicles has been 
associated with the low inter-subject variability the white matter nor
mally presents in the healthy population. This indicates that reshaping 
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is generally limited even in the presence of progressive brain alterations 
(e.g., Gil Robles and Duffau, 2010). However, evidence of possible 
white-matter plasticity was mainly indirect as it came from in
traoperative data: If stimulation of a given tract impaired the tested 
function, the stimulated fibers were still essential and compensation by 
other fascicles had not occurred. Only one among selected studies 
(Zheng et al., 2013) addressed plasticity purposefully (assessing, for 
instance, compensatory changes in fractional anisotropy) and in
vestigated fascicle structural changes preoperatively by means of DTI. 

Some authors aimed to define whole-brain atlases of plasticity by 
taking into account both the gray- and white-matter structures sup
porting the main brain functions. Ius et al. (2011) defined one of the 
first atlases of functional resectability by analyzing the outcome of in
trasurgical stimulation in a group of 58 patients with LGG. Based on 
these findings, the authors postulated the existence of a ‘minimal 
common brain’, meaning a core of essential, non-compensable, and 
therefore non-resectable brain structures. Essentially, resection resulted 
to be limited in crucial areas of the networks having no parallel alter
native pathways and at the level of the white matter, with a few ex
ceptions (see below). Comparable findings come from a probabilistic 
atlas of plasticity defined by Herbet and collaborators (Herbet et al., 
2016; see also Sarubbo et al., 2015), which confirmed that the white 
matter had a lower compensatory potential, although some portions of 
some fascicles can be functionally compensated. 

The main fiber bundle supporting sensorimotor functions, namely 
the cortico-spinal tract, is classified as almost unresectable (e.g., Ius 
et al., 2011), with the exception of the most dorsal-anterior portion 
(Herbet et al., 2016). This evidence was supported by the absence of 
alternative pathways that can adequately support these functions. In 
this respect, many authors (Kovanlikaya et al., 2011; Laundre et al., 
2005; Stadlbauer et al., 2007) described the presence of sensorimotor 
deficits in patients harboring a tumor invading this tract (e.g., with 
reduction in fractional anisotropy). Accordingly, development of ac
curate surgical planning is deemed as crucial to prevent fatal injury by 
resection of this tract (e.g., Sarnthein et al., 2011). 

Greater plasticity was instead observed for the white-matter fas
cicles involved in language, as some of them displayed a fair compen
sation potential (see Duffau et al., 2013). The literature on strokes 
showed that white-matter plasticity is somehow feasible, with observed 
changes in some white-matter parameters (e.g., fiber length and 
number), possibly also in the contralateral hemisphere (e.g., Schlaug 
et al., 2009). Several forms of plasticity have been reported in glioma, 
too, and claim for the existence of a ‘subcortical plasticity’ (Duffau, 
2009b; Duffau et al., 2013). 

The plasticity potential is different across the main fascicles in
volved in language. In some cases, white matter can also represent 
anatomical constraints limiting plasticity. For instance, the limited 
plastic potential of the ventral premotor cortex and the consequent 
restricted possibility of totally removing gliomas in this location (e.g.,  
Ius et al., 2011; Martino et al., 2009) have been linked to the need to 
preserve the integrity of the adjacent anterior segment of the arcuate/ 
superior longitudinal fasciculus (AF/SLF; van Geemen et al., 2014). 
This is an anatomical boundary that prevents function translocation 
beyond the lateral part of the precentral gyrus. 

On the other hand, evidence from IOM showed that some tumor- 
invaded fascicles were not perturbed by stimulation. These findings, 
together with evidence of preoperatively preserved language functions, 
suggest that other fascicles might have been recruited to support these 
functions. For instance, Duffau et al. (2013) reported the findings of a 
study on a cohort of 13 patients with LGG and observed that stimulation 
of the AF elicited phonological paraphasia in six patients, whereas all of 
them experienced semantic paraphasia under stimulation of the inferior 
frontal-occipital fasciculus (IFOF). This suggests that the functions 
supported by the AF could be, at least in part, compensated by other 
fascicles such as the IFOF, which appeared as more essential. 

Comparable findings were reported by De Witt Hamer et al. (2012), 

who confirmed the fundamental role of the IFOF and a compensable 
role of the middle longitudinal fasciculus (MdLF); on the other hand, 
the inferior longitudinal fasciculus (ILF) could be compensated when 
the anterior but not posterior portion was affected (e.g., Duffau et al., 
2009; Ius et al., 2011; Mandonnet et al., 2007). Zheng and collaborators 
(2013) measured, by preoperative imaging, increased anisotropy in the 
left ILF and IFOF in patients with left frontal LGG and preserved lan
guage functions (vs. healthy controls) and suggested that improved 
communication along these fascicles may support compensation. Fi
nally, intraoperative findings showed that the uncinate fasciculus (UF) 
is likely to be compensated as well (e.g., Duffau et al., 2009; Ius et al., 
2011; see also Szalisznyo et al., 2013) 

5.6.2. Preoperative plasticity: changes in functional connectivity 
Given that the white-matter fascicles connect even distant brain 

areas, the effects of growing gliomas are likely to be recorded at a 
whole-brain level. This suggests the need to explore changes at the level 
of functional connectivity. A few studies addressed task-based func
tional connectivity in either the sensorimotor or the language system 
specifically. 

Niu and coworkers (2014) investigated possible changes in patients 
with gliomas within or close to the motor area (vs. healthy controls) and 
observed a decreased connectivity between left and right premotor 
cortex, whereas the connectivity between these areas and the SMA was 
preserved. As long as the patients did not present relevant motor defi
cits, this finding was interpreted as an evidence of successful plasticity 
solely involving the affected hemisphere. 

A few studies investigated functional connectivity changes in rela
tion to language. Li et al. (2019) described the successful adaptive 
connectivity remodeling in a patient with a left fronto-temporo-insular 
LGG. In detail, activation of Broca’s area was recorded in the right 
hemisphere, whereas Wernicke’s area still activated in the affected 
hemisphere. Interestingly, the network analysis showed that right 
Broca’s area developed the expected connections with all the other 
language-related areas except for Wernicke’s area, with which it de
veloped indirect connections (via pre-SMA and middle frontal gyrus). 

In another study (Briganti et al., 2012), functional connectivity in 
the language network was computed starting from the robust fMRI 
activation in Broca’s area. The authors observed a decrease in in
trahemispheric connectivity in patients versus healthy controls, also 
between the left and right temporo-parietal junction (a fundamental 
hub station), especially for posterior tumors. Although language per
formance was not reported, none of the patients had a diagnosis of 
aphasia. These findings, as well as those concerning other resting-state 
networks (e.g., default-mode network) – which we did not address in 
the present review–, are more difficult to interpret. They show a whole- 
brain alteration caused by glioma growth, although changes in con
nectivity, being either decreases or increases, are more difficult to in
terpret in terms of functional plasticity. These findings should deserve 
future in-depth investigation and discussion. 

5.7. Preoperative plasticity: effect of tumor grade 

Patients with HGG versus LGG often showed relevant presurgical 
impairments (Campanella et al., 2008; Zhang et al., 2018). This is 
generally attributed to the more rapid HGG growth limiting the de
velopment of compensatory processes. Some studies investigated whe
ther the HGG growth as well could prompt effective plasticity processes. 

A single study among those we selected inspected the changes in 
motor functional activations in a group of patients with glioblastoma, 
who had a varied degree of motor paresis (Majos et al., 2017). The 
authors did not compare these patients with patients with LGG but 
recorded compensatory recruitment of the perilesional areas (in parti
cular the SMA) for the tumors located in the central sulcus and a certain 
involvement of the homologue regions in the healthy hemisphere. 

The majority of the studies on language inspected possible changes 
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in laterality in relation to tumor grade and generally – but not uni
vocally – reported relevant changes for the LGG but not the HGG. For 
example, Deng et al. (2015) addressed patients with glioma in the left 
language-dominant hemisphere and noted that those with HGG less 
frequently displayed the compensatory activation in the right-sided 
homologues of Broca’s and Wernicke’s areas. This outcome was asso
ciated with higher language dysfunction, although differences with 
patients with LGG were not significant. 

Additional information on the impact of tumor histology can be 
inferred from Buklina et al. (2013). This study aimed to localize the side 
of activation of Broca’s area in patients with tumors in their language 
dominant hemisphere. The results showed that activation of right 
Broca’s area was likely to occur for grade II-III tumors (taken as a single 
group), whereas activation persisted in the left affected hemisphere 
with both benign/low-malignity tumors (grade I gliomas and me
ningiomas) and highly malignant tumors (glioblastomas). These find
ings require cautious consideration owing to the low number of patients 
in each subgroup and the role of handedness and side of tumor location, 
which complicated result interpretation in terms of plasticity. 

Regarding structural plasticity, in their previously mentioned study, 
Zhang and collaborators (2018) inspected possible gray-matter changes 
in the language-related cerebellar regions resulting from left supra
tentorial glioma growth. Although changes in spontaneous activity 
were detected for both groups (vs. controls), the gray-matter volume 
increase was seen only for the LGGs. This suggests that the growing rate 
was sufficiently slow for development of detectable morphological 
compensatory changes for LGGs only. 

Other studies reported opposite findings. For example, Tantillo et al. 
(2016) recorded decreased left-sided lateralization – hence increased 
involvement of the contralesional hemisphere – for Broca’s and Wer
nicke’s areas in higher versus lower tumor grades. This was supported 
by the increased communication between the two hemispheres (i.e., 
higher anisotropy of the corpus callosum) and possibly indicates that 
the disruptive growth of the HGGs more easily entailed the recruitment 
of the healthy homologues than an intrahemispheric reorganization. 

Some other studies did not find significant differences in the in
spected connectivity patterns dependent on tumor grade: the growth of 
HGGs, despite being more rapid than that of LGGs, is considered suf
ficiently slow to favor plasticity processes (e.g., Briganti et al., 2012). 

The ‘time’ variable appears therefore fundamental for plasticity. In 
fact, even patients with LGG could experience low preoperative re
organization, for instance when the lesion is small and its onset is 
therefore recent (e.g., Southwell et al., 2016). These findings seem to 
suggest that time available for reorganization drives, beyond histology, 
reorganization processes. In line with this, Ille et al. (2019) tested twice 
patients with both LGG and HGG preoperatively and observed that the 
greatest changes in cortical activity occurred for the LGGs. Interest
ingly, however, this was found when the second assessment was per
formed at least 13 months after the first. 

It must be noted that, in terms of plasticity, the clinical classification 
between LGG and HGG could be improper, given that the latter include 
anaplastic grade III tumors, too, which evolve from LGGs. In line with a 
few studies (e.g., Tantillo et al., 2016), it could be interesting to inspect 
plasticity in relation to specific tumor grades in order to understand if 
brain reorganization effectively depends upon the growing rate and 
what impact could have histology. 

6. Postoperative plasticity 

Studies exploring postoperative changes in brain reorganization are 
in a fewer number: With regard to postoperative plasticity at follow-up, 
we found nine studies (92 patients) investigating the sensorimotor 
system [LGG: 4 (36 patients), HGG: 1 (9 patients), both: 3 (47 patients)] 
and 7 studies (61 patients patients) the language system [LGG: 2 (33 
patients), HGG: 1 (1 patient), both: 3 (26 patients)]; no study inspected 
both systems. Studies are reported in Table 2. 

Following surgery, the biochemical processes possibly elicited by 
surgery itself (e.g., Duffau, 2001; Duffau et al., 2003), such as un
masking of redundant patterns through reduction of intracortical in
hibition, can continue to take place in the months following surgery and 
therefore promote long-term plasticity (Duffau, 2006). Findings on the 
brain reorganization following surgery mainly concern the late post
operative phase, as they primarily emerged from the follow-up ex
amination traditionally performed at three to six months after surgery. 
The imaging results from immediate postoperative examinations have 
to be taken with caution, as the direct effects of surgery can mislead the 
functional interpretations (e.g., Murata et al., 2004). 

Frequently, a cognitive and/or sensorimotor impairment was de
tected in the acute postoperative period, but functional improvement 
was recorded starting even from the very first days after surgery (e.g.,  
Sallard et al., 2014); in many instances, recovery of both the sensor
imotor function (e.g., Barz et al., 2018; Das et al., 2019; Duffau & 
Capelle, 2001; Duffau et al., 2003) and language (e.g., Antonsson et al., 
2018; Duffau et al., 2009, 2003; Sanai et al., 2008; Santini et al., 2012; 
Satoer et al., 2014) was almost complete in the subsequent months. 

The methodological problem consists in the interpretation of post
operative data in terms of plasticity. It is fundamental to understand 
whether the transient postoperative deficits were due to effects directly 
associated with the intrasurgical brain manipulation (e.g., edema, brain 
swelling, mechanical traction) or, rather, to resection of crucial struc
tures. Recovery associated to the latter condition reflects actual brain 
plasticity (e.g., Krainik et al., 2003; Yoshiura et al., 1997). 

Concerning the relation between pre- and postoperative re
organization, some studies observed a postoperative increase in the 
activation of both perilesional and contralesional areas, with evidence 
of this in both LGGs and HGGs. However, two main patterns were more 
frequently reported. In one case, the authors observed increased re
cruitment of the contralesional homologues at subsequent surgery, 
whereas the recruitment associated with the tumor growth was only 
partial. In other cases, tumor resection was observed to restore the 
greater activation in the affected dominant hemisphere. 

In spite of these differences, a general tenet relates the extent of 
postoperative remodeling to that occurred before surgery. Accordingly, 
patients with smaller tumors (i.e., of recent onset) displayed a higher 
degree of postoperative plasticity than larger tumors, given that sub
stantial remodeling for the latter could have already taken place before 
surgery (e.g., Southwell et al., 2016; see also Kośla et al., 2015). The 
impact of surgery in promoting further brain reorganization can be 
more restrained in the case of larger tumors, which already entailed 
consistent remodeling. Hence, the preoperative tumor volume may in
fluence the extent of postoperative reorganization. 

An alternative proposal comes from Kristo et al. (2015), who mainly 
recorded postoperative reorganization in the affected hemisphere. The 
observed changes in brain activations were not associated with the 
postoperative functional performance (specifically in language); 
therefore, the authors suggested that these changes reflected the sur
gery-caused brain shift, in addition to or instead of plasticity. This shift 
could have determined a misalignment with respect to the preoperative 
functional images and erroneously suggested functional reorganization. 
As already commented, other authors attributed restored ipsilesional 
activation to signal restoration in the affected hemisphere, which had 
been masked by tumor-associated neurovascular uncoupling. Func
tional activations in this hemisphere were nevertheless tested by other 
techniques such as stimulation by TMS or during intraoperative map
ping at a subsequent surgery, which generally confirmed the fMRI 
findings. Findings from these studies are detailed below. 

6.1. Postoperative plasticity: perilesional areas 

In relation to the sensorimotor system, many studies reported in
trahemispheric reorganization following resection of gliomas in the 
motor (e.g., Barz et al., 2018; Conway et al., 2017; Forster et al., 2012) 

E. Cargnelutti, et al.   NeuroImage: Clinical 28 (2020) 102435

13



and in the somatosensory cortex (e.g., Meunier et al., 2000). Tumor 
resection in the central sulcus was observed to increase the frequency of 
activation in primary and secondary (i.e., premotor and SMA) motor 
cortices (Bryszewski et al., 2013); Conway et al. (2017) applied TMS 
over the affected hemisphere and observed significant shifts (> 10 mm) 
in the cortical motor representation as compared to the pre-surgery 
stage. Nevertheless, these shifts were observed towards the resection 
cavity and suggested the temporariness of the preoperative re
organization. In other words, the tumor mass induced a functional 
displacement, but its removal shifted back the functional activations to 
the original anatomical sites. 

Concerning language, reorganization in the affected hemisphere 
was observed for left Wernicke’s area (e.g., Gębska-Kośla et al., 2017) 
and the left mesial temporal cortex (e.g., Kamada et al., 2004). Gębska- 
Kośla et al. (2017) observed that tumor resection in either Broca’s or 
Wernicke’s area restored the primary activation of the ipsilesional (vs. 
contralesional) hemisphere in some of the patients (the others pre
sented with unchanged patterns). 

6.2. Postoperative plasticity: contralesional homolog areas 

With respect to the sensorimotor system, increased postoperative 
compensation by the healthy hemisphere was observed for the domi
nant SMA (Krainik et al, 2004). In patients with tumors in the central 
sulcus, Bryszewski et al. (2013) observed a postoperatively increased 
frequency of activation in the primary motor and premotor areas. 
Nevertheless, the difference was not statistically significant and the 
number of activated clusters decreased in comparison to presurgery. 

Concerning language, the contralesional activations were described 
in individual case reports. Postoperative compensatory activation of the 
healthy (right) SMA was also recorded with respect to language in the 
two patients described in Chivukula et al. (2018). In comparison to the 
pre-surgery phase, increased contralesional compensation was also 
observed for tumors located in the left frontal operculum (e.g.,  
Kawashima et al., 2013). 

6.3. Postoperative plasticity: white matter and connectivity 

6.3.1. Postoperative plasticity: white-matter reorganization 
Understanding the mechanisms of potential postoperative re

organization at the white-matter level is vital. As gliomas typically in
filtrate the white matter, the achievement of complete tumor removal is 
likely to entail resection of the white-matter fibers, too. Their pre
servation, nonetheless, appeared fundamental to prevent permanent 
deficits (e.g., Charras et al., 2015). The question is whether some fibers 
can be resected safely without causing long-lasting deficits. Under
standing whether postoperative compensation could take place is fun
damental to guide not only resection, but also the choice of the ther
apeutic approach. It has been observed that the probability of residual 
gliomas at the level of the subcortical white matter was significantly 
higher than that at the cortical level (Ius et al., 2011; Sarubbo et al., 
2015; Herbet et al., 2016). A recent proposal therefore suggested that 
adjuvant oncological therapies should be used at first to reduce the 
spread of highly infiltrating tumors, whereas sharper gliomas can be 
safely removed by neurosurgery (Picart et al., 2019). 

To the best of our knowledge, no studies reported postoperative 
reorganization in the white-matter fascicles supporting the sensor
imotor functions. This reflects the deleterious consequences of the re
section of the cortico-spinal tract. The majority of the studies focused 
on the white-matter fascicles supporting language. Nevertheless, these 
findings did not directly address plasticity, but mainly reported the 
consequences of resection. For instance, Zemmoura et al. (2015) ob
served that the resection of the posterior (but not anterior) portion of 
the left ILF caused the onset of global alexia, whereas the resection of 
the left posterior AF caused deficits in reading pseudowords and irre
gular words. Similarly, Caverzasi et al. (2016) observed widespread and 

long-lasting postoperative language deficits in patients in whom spe
cific segments of the AF, namely the direct (connecting Broca’s and 
Wernicke’s areas) and the posterior temporo-parietal segments, had 
been affected by surgery. A similar outcome was reported by Leote et al. 
(2019). 

These reports indicate that the functions supported by these fas
cicles cannot be compensated by other fascicles and indirectly support 
the lack of postoperative plasticity. They are in general agreement with 
those reported in relation to preoperative plasticity. The fascicles that 
resulted to be non-compensable after resection were the same that 
elicited language disturbance when preventatively stimulated during 
surgery (for instance posterior ILF, e.g., Duffau et al., 2009; Ius et al., 
2011; Mandonnet et al., 2007). This confirms that preoperative plasti
city had not taken place for given white-matter tracts because of their 
essential, irreplaceable role, which was confirmed by the effects of 
surgery. 

6.3.2. Postoperative plasticity: changes in brain connectivity 
Some studies investigated the impact of tumor resection at the 

whole-brain level in a hodotopic perspective: Surgery may have effects 
even beyond the resected area and its surroundings and can also cause a 
complex pattern of changes at the functional connectivity level. 
Regarding the sensorimotor functions, we did not find any studies in
vestigating changes in task-based functional connectivity. The only 
report we found (Vassal et al., 2017) was about changes in the resting- 
state connectivity for gliomas involving the SMA and described how 
proper recovery in functional connectivity was fundamental for re
covering postoperative deficits. 

With regard to language, Deverdun et al. (2019) showed how con
nectivity changes in the naming network between pre- and post-surgery 
translated into different levels of postoperative performance in picture 
naming. Poorer performance was associated with decreased involve
ment of the left parahippocampal gyrus in favor of the left lingual 
gyrus, which established connections with areas normally connected 
with the former (e.g., right precentral gyrus). This suggests the attempt 
of the brain to develop alternative networks when crucial nodes are 
disrupted. Nonetheless, this rearrangement did not translate in suc
cessful plasticity when vicarious, non-optimal nodes were recruited for 
compensation (i.e., maladaptive plasticity). The authors also com
mented that the clinical and subject-related parameters might have 
influenced the way the brain of the different patients coped with the 
impact of surgery. 

6.4. Postoperative plasticity: effect of tumor grade 

Postoperative plasticity has been mainly tested in patients with 
LGG, as clinical conditions and postoperative adjuvant therapies limited 
the longitudinal investigation in the specific case of HGGs. 
Nevertheless, a few studies reported interesting findings in this popu
lation, too. 

To the best of our knowledge, a single study investigated the role of 
plasticity in the sensorimotor network specifically in HGGs (Majos 
et al., 2017). The authors monitored the postoperative versus pre
operative activations in nine patients with glioblastoma in the central 
sulcus and concluded that surgery did not significantly change the 
pattern of reorganization observed preoperatively, which mainly in
volved the affected hemisphere. The study by Conway et al. (2017), 
which explored changes in the cortical motor representation, detected 
significant shifts towards the resection cavity in both LGGs (i.e., grades 
I and II) and HGGs (i.e., grades III and IV). 

More convincing findings about postoperative plasticity in relation 
to tumor grade come from the investigation of the language network. 
For example, the patient with glioblastoma described in Kawashima 
et al. (2013) displayed marked brain reorganization only several 
months after surgery. This reorganization also involved the con
tralateral hemisphere, whereas the rapid tumor growth had only 

E. Cargnelutti, et al.   NeuroImage: Clinical 28 (2020) 102435

14



allowed some increase in the perilesional activation preoperatively. 
With regard to HGGs, it is possible to speculate that reorganization 
processes that partially began preoperatively may progress post
operatively and support functional compensation, at least when the 
contrast-enhancing mass was radically resected. 

7. Findings from recurrence and multistep surgery 

Evidence of postoperative plasticity also comes from neuroimaging 
examinations at tumor regrowth (e.g., Traut et al., 2019; for single 
cases, see Leote et al., 2019) and from intraoperative mapping per
formed during a subsequent surgery owing to either residual tumor or 
recurrence (e.g., Martino et al., 2009; Picart et al., 2019; Southwell 
et al., 2016; for single cases, see De Benedictis et al., 2012; Duffau et al., 
2002; Gil Robles et al., 2008; Hayashi et al., 2014; Saito et al., 2014; 
Sarubbo et al., 2012; Takahashi et al., 2012). Among selected studies, 2 
of them (2 patients) addressed the sensorimotor system (all LGGs), 6 
(79 patients) the language system [(LGG: 6 (7 patients), HGG: 0, both: 1 
(73 patients)], and 5 (85 patients) both (LGG: 3 (25 patients), HGG: 0, 
both: 2 (60 patients)]. Studies investigating such preoperative re
organization are reported in Table 3. 

Noteworthy are reports on multistep surgery, which was planned 
when the first resection was partial to avoid removal of still-functional 
tissue and prevent the risk of permanent deficits (e.g., Picart et al., 
2019; for single cases, see De Benedictis et al., 2012; Duffau et al., 2002; 
Gil Robles et al., 2008; Hayashi et al., 2014; Saito et al., 2014; Sarubbo 
et al., 2012; Takahashi et al., 2012). In fact, the postoperative plasticity 
could also be vital to reallocate the potential intralesional activation 
outside the residual tumor allowing for subsequent safe resection. These 
findings may not simply reflect the brain reorganization resulting from 
the first surgery but possibly from tumor regrowth. However, we may 
postulate that these changes were limited, because the main possible 
reorganization processes might have taken place before, at least for 
tumor regrowth in the surgical cavity. 

Leote et al. (2019) observed that compensation at tumor regrowth 
occurred involving the ipsilesional hemisphere in one patient and the 
contralesional hemisphere in another patient. These findings confirm 
that the potential of postoperative plasticity in the long term is 
modulated by the impact of previous surgery. 

Some studies specifically addressed the postoperative reorganiza
tion potential of different brain networks. Fine-grained findings were 
provided by Picart et al. (2019), who compared reorganization for 
language, somatosensory, and motor systems detected during a second 
surgery following a first partial surgery. The authors observed that the 
motor network tended to be more preserved than the language network, 
the latter more easily “losing” eloquent sites and more easily reshaping 
between the two surgeries. On the other hand, the somatosensory 
network displayed the highest variability between the two surgeries. 
Nevertheless, as seen for preoperative plasticity, reorganization fol
lowing tumor resection showed high inter-individual variability. Com
parable results were reported in Southwell et al. (2016), although in 
both cases the tested language-related sites were more numerous than 
those associated with the other networks; this suggests a potential bias 
but also confirms the high number of sites involved in language. 
Findings specifically pertaining to the two systems are reported below. 

7.1. Findings from recurrence and multistep surgery: perilesional areas 

Results from these studies were mainly observed, with a few ex
ceptions, during intraoperative mapping at subsequent surgery and 
consist mainly in individual reports. Therefore, they can support find
ings on perilesional plasticity but do not exclude a potential re
organization in the contralesional hemisphere, which was not tested. 

Evidence of intrahemispheric reorganization in the sensorimotor 
system was observed especially during recurrent resection of gliomas in 
the motor cortex (e.g., Duffau et al., 2002; Hayashi et al., 2014; 

Takahashi et al., 2012). In some cases, a more radical second resection 
could be performed as functional centers of the primary motor cortex 
displaced beyond anatomical boundaries, namely from precentral to 
postcentral gyrus (Takahashi et al., 2012). 

Language reorganization in the affected hemisphere was observed 
for Wernicke’s area (e.g., Sarubbo et al., 2012), the left inferior frontal 
gyrus including Broca’s area (e.g., Saito et al., 2014), and for the left 
premotor cortex, which was studied in relation to its involvement in 
language (e.g., Gil Robles et al., 2008; van Geemen et al., 2014). A more 
extensive second resection could be performed for language, too, owing 
to the translocation beyond anatomical boundaries after first surgery 
(e.g., from the inferior frontal to precentral gyrus by crossing the pre
central sulcus, Saito et al., 2014). 

7.2. Findings from recurrence and multistep surgery: contralesional 
homolog areas 

We did not find any studies specifically exploring contralateral 
compensation at subsequent surgery/tumor regrowth for the sensor
imotor system. Concerning language, we found individual reports 
showing the activation translocation to the contralesional homologues 
between two consecutive surgeries. Together with the perilesional re
organization (see previous paragraph), this translocation allowed in
creased resection in specific brain areas that were traditionally thought 
to be unresectable, such as Wernicke’s area (e.g., Sarubbo et al., 2012) 
and the left premotor cortex (e.g., Gil Robles et al., 2008). 

A few studies explored the contralesional hemisphere involvement 
in terms of changes in hemispheric dominance. Traut et al. (2019) 
provided a consistent report on 73 patients tested by MEG at tumor 
recurrence. The authors observed larger language laterality changes 
between consecutive surgeries in patients who had stronger lateraliza
tion to the dominant hemisphere at first surgery, hence limited pre
operative involvement of the contralateral hemisphere. Similarly, the 
patient described in Kośla et al. (2015) did not experience a relevant 
language involvement of the right hemisphere either before surgery or 
at follow-up, but this compensatory recruitment was observed only 
many months later, at tumor recurrence. The authors commented that, 
despite being an LGG, the lesion was small at first surgery and for this 
reason it did not entail recruitment of the contralesional hemisphere; 
this compensatory recruitment appeared instead fundamental later, at 
the tumor regrowth. 

8. Discussion 

This review provides a general picture of neuroplasticity by dis
cussing reports showing how the brain can successfully reorganize to 
cope with growing gliomas and related neurosurgery. We aimed to shed 
light on tricky issues concerning the role of the contralateral hemi
sphere both pre- and postoperatively, as well as the plasticity potential 
of the white matter and the impact of tumor grade, considering all in 
relation to the most widely studied networks, namely the sensorimotor 
and the language networks. 

Understanding whether neuroplasticity actually occurred in an in
jured brain is a crucial point. An issue is represented by potential biases 
in results owing to the techniques used to assess plasticity. 
Methodological differences in data analyses (i.e., threshold or type of 
statistics) can influence results in assessing plasticity using neuroima
ging. This variability applies especially to single-patient analyses. In 
order to overcome limitations associated with a specific technique, our 
review included studies using different approaches to test changes in 
brain structure or function and considered these changes in relation to 
the patients’ cognitive or sensorimotor status. We also included single- 
case reports, which could provide interesting information about the 
brain reorganization potential and show findings that can be lost when 
investigating changes at the group level (Voets et al., 2019). 

As a general finding, relevant brain reorganization can occur both 
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pre- and postoperatively and is not only limited to the slowly growing 
LGGs but can also take place with HGGs. However, clinical evolution, 
impact of surgery, and therapies can hinder assessment of plasticity in 
HGGs and make results not comparable with LGGs. 

In many instances, the observed reorganization was successful as it 
prevented the onset of deficits or allowed recovery. Looking at results in 
detail, it was possible to note that reorganization patterns partially 
differed across studies. For instance, some reports described the in
volvement of the healthy hemisphere as early as preoperatively, others 
only following surgery. Concerning the postoperative period, some 
studies observed an increased involvement of the perilesional areas, 
some of the contralesional homologues, whereas others a shift back 
towards the resection cavity. Nevertheless, findings overall indicated 
that the recruitment of the contralateral homologues is not a case of 
maladaptive plasticity but can be fundamental to preserve cognitive 
and sensorimotor functions. 

These observations confirm that there is no unique patter of plas
ticity. Beside the specific area that can be affected by tumor growth and 
subsequent surgery, other parameters may influence the way the brain 
reorganizes. The first factor is represented by patients’ characteristics 
not necessarily related to the clinical condition (e.g., age, preclinical 
functional lateralization). Furthermore, tumor characteristics – beside 
histology – can play a role: Parameters such as tumor growth direction, 
tumor volume, and white-matter infiltration could entail compensatory 
recruitment of given brain structures instead of others. Postoperatively, 
reshaping is likely to be influenced by the extent and invasiveness of 
resection and by the reshaping occurred before surgery. Removal of the 
tumor mass could favor an alternative reorganization pattern to that 
developed preoperatively, at least when this was not optimal. 
Alternatively, postoperative reorganization could not be taking place 
when the maximum reorganization potential of the system is reached or 
the preoperative pattern is solid and functional. 

With respect to processes leading to recruitment of the healthy 
hemisphere, some questions still need be answered. For instance, are 
the contralateral homologues activated when compensation by the af
fected hemisphere is insufficient or, rather, does this more simply occur 
when biochemical processes prompt a decrease in transcallosal inhibi
tion? The possible infiltration of the corpus callosum should also be 
considered when assessing ipsi- versus contralesional plasticity. 

The brain reorganization patterns may not simply depend on which 
area is invaded by the tumor, but also on the areas that are indirectly 
(as connected to the former) affected. Therefore, remodeling at the 
whole-brain level is likely to depend on which areas are still functional 
and could hence drive the process. Preservation of proper connectivity 
between the brain areas is fundamental for successful plasticity. 

Findings about white matter were consistent across the studies and 
underline that only a few fascicles can be compensated (e.g., UF, 
anterior ILF, specific segments of the SLF). The unresectable white- 
matter tracts instead represent an obstacle to plasticity and are re
sponsible for the low plastic potential attributed to some cortical re
gions (e.g., ventral PMC). Further, studies on functional connectivity 
showed that the lesion has effects even on distant brain areas and that a 
proper communication between all crucial areas is vital to reach suc
cessful reorganization. 

Concerning the different networks and functions they support, the 
studies mainly focused on sensorimotor and language functions and report 
evidence of plasticity for both. In line with Charras et al. (2015), who 
observed recovery from early postoperative decline to be greater for 
higher than for more basic functions such as movement, it is reasonable to 
assume that differences in recovery patterns could depend on the assessed 
functional network rather than on single brain areas. In the case of lan
guage, successful reorganization following tumor resection can be attrib
uted to the fact that this network consists of a lot of interconnected areas 
(see meta-analysis by Vigneau et al., 2006) and compensatory mechanisms 
are favored by recruitment of other regions within this network. The ex
traordinary reorganization potential of the language network was evident 

in the exemplificative case of a patient with hemihydranencephaly, who 
displayed a fair functional recovery after removal of an HGG in his un
iquely existent right hemisphere (Becker et al., 2016). 

A recent systematic review of eight studies comparing post- and 
preoperative brain activations in these two networks (Cirillo et al., 
2019) concluded that the motor function tends to reorganize mainly 
intrahemispherically, whereas language showed a wider reorganization 
potential. Results from the present review also suggest that the sen
sorimotor network reorganization may extend to the healthy hemi
sphere. A higher number of reports concerned the language system, 
even thought they were mainly based on single cases. This network 
displayed a high compensation potential, with rare cases of permanent 
aphasia, mainly resulting from damage in the subcortical connections. 

We can conclude that reorganization can successfully take place for 
both the examined networks. The lower plasticity potential of the 
sensorimotor network seen in some reports can be attributed to the fact 
that functions can be vicariated by a lower number of regions, which 
are in close proximity and hence have a higher probability of being 
invaded by the tumor. Further, the non-compensable nature of the 
pertaining white-matter tracts contributes to hindering plasticity. 

As a last discussion point, it is important to highlight that inter
pretation of findings was also complicated by some methodological 
issues of reviewed studies. As already pointed out, some results, such as 
higher contralesional than perilesional activation, have been inter
preted as a bias resulting from fMRI testing. To allow for a more reliable 
interpretation, different investigation methods should be used in the 
same study. This also points to the need to check actual reorganization 
during surgery, for instance by performing an awake surgery procedure 
coupled with continuous real-time neuropsychological testing (RTNT) 
of the cognitive functions of interest (see Skrap et al., 2016); in fact, if 
mapping of a given site and concomitant RTNT do not provide any 
positive responses, the function reallocation can be confirmed. 

Another limitation is due to the fact that many studies did not dis
tinguish between tumors at first diagnosis and recurrences or between 
LGGs and HGGs (and some even included other brain lesions) nor did 
they explore the effects of adjuvant therapies. Future studies should 
therefore differentiate findings based on these factors and also take into 
account the impact of radio- and chemotherapy. With regard to HGGs, 
studies should also differentiate findings about primitive HGGs (e.g., 
glioblastomas) from those about HGGs developed from previous LGGs. 
The molecular profile should also be considered when stratifying pa
tients based on diagnosis. 

9. Conclusion 

Findings from the current review show a high reorganization po
tential of several cortical areas and a few subcortical tracts across dif
ferent networks and glioma diagnoses. Understanding which functions 
can be compensated following the tumor invasion of a given brain 
structure is fundamental to guide safe surgical resection. It also allows 
for the development of specific protocols that could be used to boost 
plasticity not only after surgery, but even before surgery. 

Nevertheless, as some results from the reviewed studies were in 
disagreement, a more accurate investigation should be performed in 
order to control for the factors that could modulate plasticity or bias or 
complicate interpretation of results. Finally, we also suggest further 
exploring the plasticity potential of other networks, for instance those 
supporting memory and visuo-spatial abilities. 
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