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Abstract 

A brain tumor in the left hemisphere can decrease language laterality as assessed with 

fMRI. However, it remains unclear whether or not this decreased language laterality is 

associated with a structural reshaping of the grey matter, particularly within the language 

network. Here, we examine if the disruption of language hubs exclusively affects 

macrostructural properties of contralateral homologues (as suggested by previous research), 

or whether it affects both hemispheres. This study uses voxel-based morphometry applied to 

high-resolution MR T1-weighted MPRAGE images from 31 adult patients left-dominant for 

language. Eighteen patients had brain tumors in the left hemisphere, and 13 had tumors in the 

right hemisphere. A cohort of 71 healthy individuals matched on age and sex was used as a 

baseline. We defined 10 ROIs per hemisphere known to subserve language function. Two 

separate repeated-measures ANOVAs were conducted with the volume per region as the 

dependent variables. For the patients, tumor lateralization (right versus left) served as a 

between-subject factor. The current study demonstrated that the presence of a brain tumor 

generates a global volumetric change affecting left language regions and their contralateral 

homologues. These changes are mediated by the lateralization of the lesion. Our findings 

suggest that compensatory functional mechanisms are supported by the rearrangement of the 

grey matter, although future longitudinal research should determine the temporal course of 

such changes. 

Introduction 

The presence of a brain tumor can impair essential cognitive abilities, such as 

language. Consequently, the brain may reorganize to compensate for the presence of the 

lesion (Herbet et al. 2016). Patients with brain tumors can serve as an ideal pathological 
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model to enhance our understanding of lesion-dependent plasticity. When language hubs are 

damaged in this population, functional compensation involving the recruitment of ipsilesional 

or contralesional regions has been observed to support recovery (Ille et al. 2019; Krieg et al. 

2013; Li et al. 2019; Quiñones et al. 2021; Połczyńska et al. 2021). However, it remains 

poorly understood how the brain structurally responds to tumors harboring language hubs. 

While the scarce available evidence shows that patients with brain tumors in the language 

network had increased grey matter (GM) volume in contralateral regions (Almairac, Duffau, 

and Herbet 2018; Hu et al. 2020; Yuan et al. 2020), we do not yet know if structural changes 

are induced more globally, including ipsilaterally (Pasquini et al. 2022). The goal of this 

work is to examine how tumor laterality affects language structures and their right 

hemisphere homologues. To fulfill this goal, we examined GM volume within the language 

network in the left hemisphere and its right homologues in patients with brain tumors 

affecting language hubs. Further, we determined whether changes in macrostructural 

properties are evidenced by variations in GM that could constitute a structural compensation 

mechanism.   

Brain tumors located in the left language-dominant hemisphere can decrease language 

laterality, as shown by functional magnetic resonance imaging (fMRI) assessments 

(Połczyńska et al. 2021; Batouli et al. 2016). Decreased functional laterality has been linked 

to weaker activation during language tasks in structures close to the lesion (Kristo et al. 

2015), increased contralesional activity in right language homologues, or both (Partovi et al. 

2012; Petrovich et al. 2004; Ulmer et al. 2004; Krieg et al. 2013; Chivukula et al. 2018). In 

contrast, tumors located in the right hemisphere (which is not dominant for language) have 

been shown to have little to no effect on language activation during fMRI tasks (Połczyńska 

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted February 2, 2023. ; https://doi.org/10.1101/2023.02.02.526219doi: bioRxiv preprint 

https://doi.org/10.1101/2023.02.02.526219
http://creativecommons.org/licenses/by-nc-nd/4.0/


4 

 

et al. 2021; Ille et al. 2019; Wang et al. 2013). It is yet to be determined whether functional 

compensation is accompanied by macrostructural reshaping within the language network. 

At present, plasticity in patients with brain tumors remains fairly understudied. 

Resectability rates of cortical and subcortical structures point to a far greater plastic potential 

of GM than white matter (WM) (Ius et al. 2011; Sarubbo et al. 2015, 2020). However, to our 

knowledge, only 3 studies have used voxel-based morphometry (VBM) with GM volume as 

an index of structural plasticity in patients with brain tumors. The first study applied VBM to 

measure GM volume in 47 patients with gliomas in the left insula and 37 individuals with 

gliomas affecting the right insula (Almairac, Duffau, and Herbet 2018). The authors noted 

that both patient groups displayed a marked increase in the volume of the contralesional 

insula, suggesting that the unaffected insula was recruited via an intact corpus callosum. 

Following a similar approach, Hu et al. (2020) investigated contralesional GM volumes 

associated with cognition in patients with temporal lobe glioma. In the preoperative 

assessment, the authors included a sample of 8 patients with a tumor in the left temporal lobe 

and 9 patients with a tumor in the right temporal lobe. Compared with 28 matched healthy 

controls, the patients with left temporal tumors showed increased GM volume in the right 

inferior temporal gyrus and right superior temporal pole, whereas patients with right temporal 

tumors exhibited increased GM volume in the left inferior temporal gyrus. It was concluded 

that the increases in the homologue contralesional structures in both patient groups served as 

a physiologic foundation for high levels of functional compensation. More recently, structural 

alterations in the contralesional medial temporal lobe (MTL) were studied in 68 individuals 

with gliomas (Yuan et al. 2020) using VBM. Patients showed decreased GM in this region 

when compared to 40 healthy volunteers.       
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A clear limitation of the research presented above is that the studies only analyzed 

structural alterations in homologous brain sites that were contralesional to the tumor: one 

focused on the insula (Almairac, Duffau, and Herbet 2018) and two on the temporal lobe (Hu 

et al. 2020; Yuan et al. 2020). These regions have been implicated in several cognitive 

processes rather than being specific for language (Hickok and Poeppel 2007; Binder 2017). 

Yet, none of the studies accounted for ipsilateral regions in the left hemisphere, either those 

adjacent to the tumor or ipsilateral regions more distant from the lesion.  

The current work examines the macrostructural properties of plasticity within the 

language network in patients with tumors affecting the left language-dominant hemisphere. 

For this purpose, GM volume was analyzed as an index of structural plasticity. We measured 

GM volume of previously identified language regions and their right homologues (Hickok 

and Poeppel 2004, 2007; Binder 2017). We hypothesized that patients with tumors in the left-

language dominant hemisphere would show macrostructural changes in all regions within the 

language network, including the right homotopic regions of interest and the close and far left 

ipsilateral regions. Changes in GM volume could then be considered as a sign of structural 

compensation for sustaining language ability after a brain lesion. We included 2 control 

groups: (1) patients with tumors in the right non-dominant hemisphere, in whom we predicted 

no structural alterations (Ille et al. 2019; Połczyńska et al. 2021), and (2) 71 healthy 

volunteers matched on age and sex.  

Methods 

Participants. The clinical sample consisted of 31 patients (19 females, mean age = 

47.6 years, SD = 13.9 years) who were diagnosed with brain tumors. The data from all 

patients was obtained before a planned surgery, regardless of the existence of previous 
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surgeries for some of the patients (as can be seen in Table 1). Patients were divided into 2 

groups: (1) left tumor group with 18 individuals (target group), and (2) right tumor group 

with 13 individuals (control group). A summary of the patient demographics and clinical 

characteristics can be found in Table 1. All patients were clinically classified as having left-

language dominance, based on clinical conclusions from neurocognitive assessments, clinical 

language fMRI, and (in several cases) direct cortical stimulation. The recording of the 

pathological data was overseen by the Institutional Review Board at the University of 

California (code: K01DC016904) , Los Angeles following the Code of Ethics of the World 

Medical Association (Declaration of Helsinki) for experiments involving humans. As we 

accessed and retrospectively analyzed presurgical structural MRI data from a larger published 

sample of patients with brain tumors, we followed the inclusion criteria described in 

Połczyńska et al. 2021. We included English monolingual patients who did not have aphasia 

significant enough to fail the initial screening examination for assessing language.  

Table 1. Patient characteristics. 

 

Left 

tumors 

(n=18) 

Right 

tumors 

(n=13) 

Handedness 
Right 89% 38% 

Left 6% 46% 

71)7171Ambidextrous 6% 15% 

Tumor type WHO 
Diffuse  83% 77% 

Metastatic tumors 11% 0 

No data 6% 23% 

Previous surgery 
Yes 61% 38% 

No 28% 53% 

No data 11% 8% 

Aphasia 
None 22% 46% 

Mild 39% 46% 

Moderate 22% 8% 

Severe 6% 0 

No data 11% 0 
Tumor type diffusive refers to both astrocytic and 
oligodendrial tumors. 

 

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted February 2, 2023. ; https://doi.org/10.1101/2023.02.02.526219doi: bioRxiv preprint 

https://doi.org/10.1101/2023.02.02.526219
http://creativecommons.org/licenses/by-nc-nd/4.0/


7 

 

In addition, healthy-control data from 71 participants matched on age and sex (43 

women, mean age = 44.49; SD = 12.5) was used as a reference point. Specifically, we 

characterized the structural relationships among regions in the typical language network to 

interpret potential divergent patterns of structural reshaping in the patient groups. The study 

protocol was conducted in accordance with the Declaration of Helsinki for experiments 

involving humans and was approved by the Ethics Board of the Euskadi Committee (code: 

270220SM) and the Ethics and Scientific Committee of the Basque Center on Cognition, 

Brain and Language (BCBL). Informed consent was obtained from all participants involved 

in the study before the experiment. 

 MRI data acquisition and lesion reconstruction. To minimize the possible bias 

caused by using images from different centers, the main acquisition parameters (e.g., magnet 

strength, model of scanner, and version of pulse sequence) were standardized. High-

resolution MR T1-weighted MPRAGE images were obtained from the patients and controls 

using a 3T Siemens scanner (for clinical data: MAGNETOM Allegra with a 20-channel head 

coil; for healthy controls: a MAGNETOM Prisma with a 64-channel head coil) with 176 

slices of 1-mm isotropic resolution and matrix size 256 x 256 (for clinical data: TR 1900 

msec, TE 2200 msec and flip angle 9°; for healthy controls: TR 2530 msec, TE 2360 msec, 

and flip angle 120º). Two trained technicians manually drew the lesions slice-by-slice using 

the MRIcroGL (Rorden and Brett 2000) free and open-source software. They took tumor 

masks drawn by trained clinicians and researchers at the University of California, Los 

Angeles as a reference. To determine  GM and WM in regions affected by the lesion and to 

estimate tumor volume (cm
3
) per participant, in-house MATLAB (2014b release, Mathworks, 

Inc, Natick, MA) codes were developed using functions from Statistical Parametric Mapping 
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(SPM12, Welcome Department of Cognitive Neurology, London, UK) and the related 

toolbox. Lesion overlap maps are displayed in Figure 1. 

 

 

Figure 1. Lesion overlap per tumor group. The heatmaps – from red to blue – represent the number of 

overlapping tumors within the left and the right tumor groups in percentages. 

 

MRI analyses. For all participants, voxel-based morphometry (VBM) was performed 

using SPM12 in MATLAB. This semi-automatized neuroimaging method has been 

successfully used to quantify macrostructural brain changes – in volume or density – in 

longitudinal and cross-sectional studies on development and disease (Ashburner and Friston 

2001). Previous results demonstrated that this type of multi-center study is methodologically 

feasible and reliable for the assessment of local changes in tissue integrity induced by a given 

pathological condition (Biswal et al. 2010; Bordin et al. 2021). The processing pipeline was 

standardized for patients and healthy controls as described by Ashburner and Friston (2001).  

 Due to differences arising from noise in the images, we removed the skull and non-

brain structures for patients as a first step. Skull stripping was performed on the T1 MPRAGE 

images using the brain extraction function in SPM12. For the healthy participants, a manual 

trimming of the images was performed. Then, the images were manually reoriented and 

shifted to set the anterior commissure, a bundle of white matter fibers that connect the 

anterior lobes of the brain, as the origin. Next, T1 MPRAGE-weighted images were 
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segmented into the GM, WM and cerebrospinal fluid (CSF) following the segmentation 

module in SPM12. The volumes of the native segmentations (GM, WM, and CSF) were 

computed and used to calculate the total intracranial volume (TIV) of each participant. To 

calculate the GM volume per region, we used the automated anatomical labeling (AAL) atlas 

(Tzourio-Mazoyer et al. 2004). The volume of each of the 116 ROIs of the AAL atlas was 

calculated and divided by the TIV. The use of proportionally scaled scores (volume per ROI 

divided by TIV) instead of using GM segmentations, minimizes potential bias due to 

variables that we were not able to control for and could potentially affect each individual 

differentially.  

To investigate the impact of brain tumors on neuroplastic structural mechanisms 

affecting ipsilateral and contralateral language areas, 10 regions that are critically involved in 

language processing were selected: pars orbitalis, pars opercularis, and pars triangularis 

within the inferior frontal gyrus (IFG), middle frontal gyrus, middle temporal gyrus, middle 

temporal pole, superior temporal gyrus, superior temporal pole, supramarginal gyrus and 

angular gyrus (Figure 2).  

 

Figure 2. Picture created following the AAL atlas parcellation with the selected language regions 

known to subserve language production (i.e., pars orbitalis, pars opercularis, pars triangularis, middle frontal 

gyrus) and comprehension (middle temporal gyrus, middle part of the temporal pole, superior temporal gyrus, 

superior temporal lobe, supramarginal gyrus, angular gyrus). 
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Statistical approach. Statistical comparisons were performed keeping patients and 

healthy controls in separate designs in order to avoid potential effects due to the differences 

between the scanners inherent to the different populations. A repeated measures ANOVA 

was performed with GM volume for the 10 ROIs weighed by the TIV (for patients: mean TIV 

= 1536.08; SD = 237.36; for healthy controls: mean TIV = 1419.92; SD = 158.22) as 

dependent variables Two within-subject factors were included: (1) ROI lateralization 

(right/left) and (2) Regions of interest (ROIs): 10 ROIs were considered including frontal, 

temporal and parietal areas. As patients had lesions affecting either the left or the right 

hemisphere, lesion lateralization was considered as a between-subjects factor controlling for 

lesion volume and tumor grade. We also included for both groups – patients and healthy 

controls – the age and sex as nuisance covariates. Pairwise comparisons were calculated as a 

post-hoc analysis applying Bonferroni correction for multiple comparisons. 

Results 

Structural reshaping in patients with brain tumors. After performing Greenhouse-

Geisser sphericity correction, we found double and triple interactions (illustrated in Figure 3). 

We found that patients with tumors in the left hemisphere had more volume in the right ROIs 

(contralesional) relative to the same ROIs in the left hemisphere (ipsilesional), as shown by 

the double interaction between ROI lateralization (right/left) x Lesion lateralization 

(right/left) (F(1)=25.93, p<0.001). The triple interaction of ROI lateralization x ROIs x 

Lesion lateralization (F (9) =6.29, p<0.001) was also significant, so pairwise comparisons 

were calculated as a post-hoc analysis (Table 2). For patients in the left tumor group, after 

applying Bonferroni correction, 5 out of 10 structures exhibited larger volumes in the right 

hemisphere relative to the left: the angular gyrus, superior temporal gyrus, middle temporal 

pole, and the pars opercularis within the IFG. One ROI displayed a reversed result with more 
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volume on the left than right side (pars triangularis within the IFG) (Figure 3B). Individuals 

with tumors in the right hemisphere had similar volume values for the left and right ROIs, 

with 3 larger structures on the left (contralesional) (see Figure 3C). These areas were the 

middle temporal gyrus, pars orbitalis, and pars triangularis. The angular gyrus was the only 

structure that had more volume in the right hemisphere compared to the left.  

 

Figure 3. Line charts show volumetric differences for each group of patients considering the 10 ROIs 

(right vs. left). The ratio between volume per region and TIV values are also shown for healthy controls as 

indicated by dotted lines. Stars indicate that the comparison between contralateral regions reached significance 

after Bonferroni correction (p<0.002).  
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Structural lateralization of the language network in healthy participants. We report a 

main effect of ROI lateralization (F (1) = 139.025, p<0.001) and, after Greenhouse-Geisser 

sphericity correction, a double interaction between ROI lateralization and ROI (F (9) = 

110.433, p<0.001). Pairwise comparisons were calculated as a post-hoc analysis (Table 2). 

After applying Bonferroni correction, all regions appeared to be significantly different 

(p<0.001). Almost all regions had more volume in the right hemisphere (contralateral to the 

language-dominant hemisphere). Only 2 structures were found to be bigger in the left 

hemisphere: the pars triangularis and middle temporal gyrus.  

Both groups of patients and the healthy controls showed similar relations of 

volumetric differences between the left and right ROIs, as can be seen in Figure 3. The pars 

triangularis exhibited the same pattern for all patients and healthy controls: more volume in 

the left hemisphere. The middle temporal gyrus was bigger in the left hemisphere for the right 

tumor group and healthy controls but not for the left tumor group. The remaining regions 

were all bigger in the right hemisphere for all participants, except for the pars orbitalis which 

was bigger in the left hemisphere for the right tumor group. Healthy participants show a 

complete asymmetrical lateralization pattern whereas brain tumor patients do not present 

asymmetries for some of the regions. For the left tumor group, 4 out of the 10 selected 

regions were different when compared to the control group: the pars orbitalis, middle frontal 

gyrus, superior temporal pole, and middle temporal gyrus. In the case of the right tumor 

group, 7 regions were different from those of healthy controls: the pars orbitalis (bigger in the 

left instead of the right), pars opercularis, middle frontal gyrus, middle temporal pole, 

superior temporal pole, superior temporal gyrus and supramarginal gyrus. 

Table 2. Paired samples t-test for each group (R>L). Effect size is given by Cohen’s d. 

Regions Left Tumor Group Right Tumor Group Healthy Controls  
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T p Cohen’s d  T p Cohen’s d  T p Cohen’s d  

Pars orbitalis -1.11 0.282 -0.26 -4.50 <0.001* -1.25 3.50 <0.001* 0.42 

Pars opercularis 6.29 < .001* 1.48 0.55 0.590 0.15 55.24 <0.001* 6.56 

Pars triangularis -4.33 0.001* -1.02 -3.65 < .003* -1.01 -36.11 <0.001* -4.29 

Middle frontal 

gyrus 
1.55 0.139 0.37 0.22 0.827 0.06 21.84 <0.001* 2.59 

Middle temporal 

pole 
4.13 < .001* 0.97 0.93 0.369 0.26 77.36 <0.001* 9.18 

Superior temporal 

pole 
1.88 0.078 0.44 -1.46 0.171 -0.40 10.45 <0.001* 1.25 

Middle temporal 

gyrus 
1.13 0.275 0.27 -4.67 < .001* -1.30 -40.38 <0.001* -4.79 

Superior temporal 

gyrus 
5.40 < .001* 1.27 -1.66 0.123 -0.46 76.76 <0.001* 9.11 

Supramarginal 

gyrus 
6.51 < .001* 1.53 -0.25 0.811 0.07 90.24 <0.001* 10.71 

Angular gyrus 4.85 < .001* 1.14 4.89 <0.001* 1.36 92.25 <0.001* 10.95 

T values in bold represent significant comparisons after Bonferroni correction. 

 

Discussion 

In the present VBM study, we investigated the structural flexibility of the language 

network in patients with brain tumors affecting the language-dominant hemisphere. To 

identify structural changes dependent on tumor laterality we analyzed 2 groups of patients: 

patients with left tumors and patients with right tumors. Furthermore, a group of healthy 

controls was included to provide the standard lateralization pattern of the language network 

to enable the interpretation of the potential compensatory effects triggered by the growth of a 

brain lesion. 

 Three main findings can be highlighted, which we summarize here and discuss in 

more detail below. First, all of the patients, regardless of tumor laterality, showed a global 

change in the left language-dominant network and its contralateral counterpart compared to 

the control group. Second, contrary to what had been expected, a brain tumor induces 

compensatory neuroplastic mechanisms in both patient groups (left and right tumors), not just 

in patients with tumors in the left language-dominant hemisphere. Third, both tumor groups 

displayed different patterns of regional structural lateralization. Overall, these findings 
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suggest that the growth of a brain tumor induces compensatory neuroplastic mechanisms in 

language regions that are not limited to patients with tumors in the left language-dominant 

hemisphere, with some specificities depending on tumor lateralization. 

Our first main finding was GM dissimilarities between patients and healthy controls      

most likely induced by the presence of the tumor. This result is consistent with the previous 

findings focused on structural changes of the contralesional language counterpart (Almairac, 

Duffau, and Herbet 2018; Hu et al. 2020; Yuan et al. 2020). Furthermore, our results 

demonstrate that structural reshaping is not circumscribed to areas contralesional to the left 

language network, but instead, it spreads across both hemispheres. The entire network seems 

to change to cope with damage and maintain its functions. In spite of the limitations of the 

VBM method to explain the physiology underlying the neuroplastic mechanisms for 

recovery, a glioma can be considered to cause metabolic stress. Therefore, it is plausible to 

hypothesize that is removal might induce neuronal plasticity. As has been suggested before, 

this process is probably accompanied by secondary synaptogenesis and dendritic sprouting 

that might affect all regions within a network (Majewska, Newton, and Sur 2006). Likewise, 

cerebrovascular reactivity (CVR) could also be affected. In fact, impaired CVR has been 

found within the lesion and in the whole brain for patients with diffuse glioma (Fierstra et al. 

2018). 

 Second, although structural changes in the cortex were expected only in the left tumor 

group, both tumor groups showed a similar structural pattern in which left and right ROIs 

were affected regardless of tumor location. Therefore, our results concur with recent studies 

that propose  a shift from the traditional view of language being strongly left-lateralized, with 

the right hemisphere merely supporting it (Vigneau et al. 2011).  Instead, the right 

hemisphere has been demonstrated to be actively involved in language functions, including 
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second language learning (Vingerhoets et al. 2003; Park, Badzakova-Trajkov, and Waldie 

2012) and language recovery after a brain lesion (Hugues Duffau, Denvil, and Capelle 2002; 

H. Duffau et al. 2003; Hope et al. 2017). As neuroplasticity seems to affect the language 

network (including the right non-dominant hemisphere), additional attention should be given 

to the right hemisphere in the assessment of language from a clinical standpoint. This idea 

challenges the current clinical standards in which intraoperative brain mapping in patients 

with brain tumors in the right hemisphere only accounts for social, somatosensory and 

visuospatial processes (Duchaine and Yovel 2015; Molenberghs et al. 2012; Bonini 2017; 

Schurz et al. 2014). Ignoring the right hemisphere's contributions to language increases the 

risk of language deficits after surgery, as reported in previous studies (Vilasboas, Herbet, and 

Duffau 2017). Based on our findings, we predict a better recovery prognosis for those 

patients whose structural lateralization patterns within each region resemble those of the 

healthy controls. Ultimately, furthering our understanding of the global macrostructural 

reshaping of the language network in patients with brain tumors relative to healthy controls 

may help target future approaches to language therapy.  

Our third main finding was that there were commonalities and differences in the structural 

relationships between homologous regions for both tumor groups in contrast to the healthy 

controls. With respect to the lateralization pattern in healthy controls, the right structures 

showed greater volume than the left counterparts, with the exception of  the pars triangularis 

within the IFG and the middle temporal gyrus. The leftward asymmetry of these two critical 

language hubs has been well documented in postmortem and in vivo specimens (Foundas et 

al. 1996; Geschwind and Levitsky 1968; Wada, Clarke, and Hamm 1975). Nonetheless, the 

rightward or leftward asymmetry pattern of each of the regions is still under debate and 

actively being studied (Kong et al. 2018; Sha et al. 2021). Asymmetries are a core element of 
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the typical organization of the brain. Cortical asymmetries have been linked to 

neuropsychiatric and cognitive disorders (Karolis, Corbetta, and Thiebaut de Schotten 2019; 

Okada et al. 2016). In addition, to evaluate the relationship between the structural asymmetry 

of the middle temporal gyrus and the functional language laterality, Reynolds et al. (2019) 

investigated the structural and functional development of the language asymmetry in 117 

healthy children across early childhood. They demonstrated that the macrostructural 

asymmetry of the arcuate fasciculus – the WM tract connecting the IFG and the middle 

temporal gyrus – is pronounced from the age of 2 years and increases even more over time 

(Reynolds et al. 2019). Likewise, language models propose the IFG to be left lateralized 

whereas other regions are more bilateral (Hickok and Poeppel 2007). In our study, healthy 

participants showed asymmetries for all the regions whereas patients did not. However, 

language hubs considered crucial for maintaining the network topology, such as the pars 

triangularis within the IFG and the angular gyrus (Ius et al. 2011), exhibited the same pattern 

in all patients and healthy controls, demonstrating the capacity of the brain to change to 

accommodate language functions. This work demonstrates that, in addition to the previously 

documented functional reshaping in individuals with brain tumors when language hubs are 

damaged (Ille et al. 2019; Krieg et al. 2013; Quiñones et al. 2021; Połczyńska et al. 2021), 

structural changes also occur in both patients with tumors in the left (language-dominant) 

hemisphere and in patients with tumors in the right hemisphere. Further, we demonstrated 

these changes with GM volume indexes as GM has been stated to have great plastic potential 

(Sarubbo et al. 2015; Ius et al. 2011). These changes are likely representative of the 

compensatory mechanisms. On a similar note, structural changes should also be studied in 

different populations, such as stroke patients, as previous functional evidence has shown that 
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the location of the lesion determines differential involvement of ipsilesional or contralesional 

areas (Stockert et al. 2020). 

Limitations and future directions. Three limitations of the present work should be 

addressed. First, our sample size was limited by our access to data from this specific 

population, which constrains the amount of variability among patients. However, to mitigate 

the potential effects of confounding variables, we included sex, age, tumor type, and tumor 

size as nuisance covariates. Yet, they may have independent effects which cannot be 

disambiguated from those related to the sample size. To solve this, larger cohorts are needed 

to replicate the findings, increase statistical power and sensitivity, detect group differences 

and investigate possible relations with inter-individual variables, perhaps via large-scale 

multicenter collaborations. Larger samples would also aid in the development of guidelines 

for the presurgical assessment of patients with brain tumors affecting not only the left-

language dominant hemisphere but also its right counterpart.  

The second limitation is the cross-sectional nature of the current study, which does 

not allow examining how neuroplastic mechanisms unfold over time in individuals with 

tumors. Although cross-sectional studies provide useful contributions and clarifications 

(Pantelis et al. 2005) and led us to detect global changes most likely caused by the tumor 

growth over time, longitudinal studies are also needed. Such studies would result in direct 

and reliable evidence on how this neuroplastic mechanism occurs in each individual. This 

would help delineate neuroplasticity mechanisms for recovery and facilitate the identification 

of neuroimaging predictors for post-operative prognosis. The use of connectivity measures in 

future studies is fundamental to disentangle 1) whether only regions that are interconnected 

structurally and/or functionally follow the same neuroplastic patterns overtime and 2) if those 
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patterns respond to fluctuations in the entropy of the system as suggested by the global 

difference encountered in our study. 

The third limitation was that patients and healthy participants were collected in 

different centers, which prevented us from making a formal comparison. In the future, it 

would be desirable to test both patients and healthy participants in the same center to avoid 

any potential confounds. 

Conclusions 

To our knowledge, this research is the first to show that a brain tumor affecting the 

left language network or its right homologue induces global structural reshaping, highlighting 

the brain’s plasticity. Our work emphasizes the need to extend the scope of presurgical and 

intraoperative brain mapping in patients with tumors, since the impact of a brain lesion 

appears to be more global. Intraoperative mapping should be designed to respect the 

anatomical substrate that is already going through neuroplastic processes to promote recovery 

and ultimately minimize long-term deficits. Future, multi-center longitudinal studies 

regarding the impact of a brain tumor on the neuroanatomy of language are needed to 

broaden our understanding of the processes of the structural and functional compensation in 

individuals with brain tumors. 

Data Availability Statements 

The data are not publicly available due to the data-sharing policies of the different 

institutions involved concerning vulnerable clinical information. Codes for performing VBM 

are shared in github: https://github.com/lmansoo 

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted February 2, 2023. ; https://doi.org/10.1101/2023.02.02.526219doi: bioRxiv preprint 

https://doi.org/10.1101/2023.02.02.526219
http://creativecommons.org/licenses/by-nc-nd/4.0/


19 

 

Acknowledgments 

This research was supported by: the Ikerbasque Foundation; the Basque Government 

through the BERC 2022 2025 program; the Spanish State Research Agency through BCBL 

Severo Ochoa excellence accreditation CEX2020-001010-S; the Fundación Científica AECC 

(FCAECC) through the project PROYE20005CARR; Spanish Ministry of Economy and 

Competitiveness through the Plan Nacional RTI2018 093547 B I00 (LANGCONN) awarded 

to MC and IQ; the Spanish Ministry of Science, Innovation and Universities; the Fondo 

Social Europeo through the predoctoral grant PRE2019-091492 awarded to LM; and the NIH 

(NIDCD) Grant K01DC016904 (Comprehensive pre-surgical identification of the critical 

language network in tumor patients) awarded to MP. In addition, the authors would like to 

thank all the patients who agreed to take part in this study. Last but not least, we would like 

to thank Ms. Samiha Molla, University of California, Los Angeles, for her help with editing 

this work.   

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted February 2, 2023. ; https://doi.org/10.1101/2023.02.02.526219doi: bioRxiv preprint 

https://doi.org/10.1101/2023.02.02.526219
http://creativecommons.org/licenses/by-nc-nd/4.0/


20 

 

References 

Albanese, Eduardo, Alicia Merlo, Alfonso Albanese, and Elena Gomez. 2015. “Asymmetry 

Weight-Surface,” 6–9. 

Almairac, Fabien, Hugues Duffau, and Guillaume Herbet. 2018. “Contralesional 

Macrostructural Plasticity of the Insular Cortex in Patients with Glioma a Vbm Study.” 

Neurology 91 (20): e1902–8. https://doi.org/10.1212/WNL.0000000000006517. 

Ashburner, John, and Karl J. Friston. 2001. “Why Voxel-Based Morphometry Should Be 

Used.” NeuroImage 14 (6): 1238–43. https://doi.org/10.1006/nimg.2001.0961. 

Batouli, Seyed Amir Hossein, Nafiseh Hasani, Sara Gheisari, Ebrahim Behzad, and 

Mohammad Ali Oghabian. 2016. “Evaluation of the Factors Influencing Brain Language 

Laterality in Presurgical Planning.” Physica Medica 32 (10): 1201–9. 

https://doi.org/10.1016/j.ejmp.2016.06.008. 

Binder, Jeffrey R. 2017. “Current Controversies on Wernicke’s Area and Its Role in 

Language.” Current Neurology and Neuroscience Reports 17 (8). 

https://doi.org/10.1007/s11910-017-0764-8. 

Biswal, Bharat B., Maarten Mennes, Xi Nian Zuo, Suril Gohel, Clare Kelly, Steve M. Smith, 

Christian F. Beckmann, et al. 2010. “Toward Discovery Science of Human Brain 

Function.” Proceedings of the National Academy of Sciences of the United States of 

America 107 (10): 4734–39. https://doi.org/10.1073/pnas.0911855107. 

Bonini, Luca. 2017. “The Extended Mirror Neuron Network: Anatomy, Origin, and 

Functions.” Neuroscientist 23 (1): 56–67. https://doi.org/10.1177/1073858415626400. 

Bordin, Valentina, Ilaria Bertani, Irene Mattioli, Vaanathi Sundaresan, Paul McCarthy, Sana 

Suri, Enikő Zsoldos, et al. 2021. “Integrating Large-Scale Neuroimaging Research 

Datasets: Harmonisation of White Matter Hyperintensity Measurements across 

Whitehall and UK Biobank Datasets.” NeuroImage 237. 

https://doi.org/10.1016/j.neuroimage.2021.118189. 

Chivukula, Srinivas, Brian K. Pikul, Keith L. Black, Nader Pouratian, and Susan Y. 

Bookheimer. 2018. “Contralateral Functional Reorganization of the Speech 

Supplementary Motor Area Following Neurosurgical Tumor Resection.” Brain and 

Language 183 (April): 41–46. https://doi.org/10.1016/j.bandl.2018.05.006. 

Duchaine, Brad, and Galit Yovel. 2015. “A Revised Neural Framework for Face Processing.” 

Annual Review of Vision Science 1 (1): 393–416. https://doi.org/10.1146/annurev-

vision-082114-035518. 

Duffau, H., L. Capelle, D. Denvil, N. Sichez, P. Gatignol, M. Lopes, M. C. Mitchell, J. P. 

Sichez, and R. Van Effenterre. 2003. “Functional Recovery after Surgical Resection of 

Low Grade Gliomas in Eloquent Brain: Hypothesis of Brain Compensation.” Journal of 

Neurology Neurosurgery and Psychiatry 74 (7): 901–7. 

https://doi.org/10.1136/jnnp.74.7.901. 

Duffau, Hugues, D. Denvil, and L. Capelle. 2002. “Long Term Reshaping of Language, 

Sensory, and Motor Maps after Glioma Resection: A New Parameter to Integrate in the 

Surgical Strategy.” Journal of Neurology Neurosurgery and Psychiatry 72 (4): 511–16. 

https://doi.org/10.1136/jnnp.72.4.511. 

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted February 2, 2023. ; https://doi.org/10.1101/2023.02.02.526219doi: bioRxiv preprint 

https://doi.org/10.1101/2023.02.02.526219
http://creativecommons.org/licenses/by-nc-nd/4.0/


21 

 

Fierstra, Jorn, Christiaan van Niftrik, Marco Piccirelli, Oliver Bozinov, Athina Pangalu, 

Niklaus Krayenbühl, Antonios Valanis, Michael Weller, and Luca Regli. 2018. “Diffuse 

Gliomas Exhibit Whole Brain Impaired Cerebrovascular Reactivity.” Magnetic 

Resonance Imaging 45 (January): 78-83. https://doi.org/10.1016/J.MRI.2017.09.017.  

Foundas, Anne L., Christiana M. Leonard, Robin L. Gilmore, Eileen B. Fennell, and Kenneth 

M. Heilman. 1996. “Pars Triangularis Asymmetry and Language Dominance.” 

Proceedings of the National Academy of Sciences of the United States of America 93 (2): 

719–22. https://doi.org/10.1073/pnas.93.2.719. 

Geschwind, Norman, and Walter Levitsky. 1968. “Human Brain: Left-Right Asymmetries in 

Temporal Speech Region.” Science 161 (3837): 186–87. 

https://doi.org/10.1126/science.161.3837.186. 

Herbet, Guillaume, Maxime Maheu, Emanuele Costi, Gilles Lafargue, and Hugues Duffau. 

2016. “Mapping Neuroplastic Potential in Brain-Damaged Patients.” Brain 139 (3): 

829–44. https://doi.org/10.1093/brain/awv394. 

Hickok, Gregory, and David Poeppel. 2004. “Dorsal and Ventral Streams: A Framework for 

Understanding Aspects of the Functional Anatomy of Language.” Cognition 92 (1–2): 

67–99. https://doi.org/10.1016/j.cognition.2003.10.011. 

Hickok, Gregory, and David Poeppel. 2007. “The Cortical Organization of Speech 

Processing.” Nature Reviews Neuroscience. https://doi.org/10.1038/nrn2113. 

Hope, Thomas M.H., Alex P. Leff, Susan Prejawa, Rachel Bruce, Zula Haigh, Louise Lim, 

Sue Ramsden, et al. 2017. “Right Hemisphere Structural Adaptation and Changing 

Language Skills Years after Left Hemisphere Stroke.” Brain 140 (6): 1718–28. 

https://doi.org/10.1093/brain/awx086. 

Hu, Guanjie, Xinhua Hu, Kun Yang, Dongming Liu, Chen Xue, Yong Liu, Chaoyong Xiao, 

Yuanjie Zou, Hongyi Liu, and Jiu Chen. 2020. “Restructuring of Contralateral Gray 

Matter Volume Associated with Cognition in Patients with Unilateral Temporal Lobe 

Glioma before and after Surgery.” Human Brain Mapping 41 (7): 1786–96. 

https://doi.org/10.1002/hbm.24911. 

Ille, Sebastian, Lara Engel, Lucia Albers, Axel Schroeder, Anna Kelm, Bernhard Meyer, and 

Sandro M. Krieg. 2019. “Functional Reorganization of Cortical Language Function in 

Glioma Patients-a Preliminary Study.” Frontiers in Oncology 9 (MAY). 

https://doi.org/10.3389/fonc.2019.00446. 

Ius, Tamara, Elsa Angelini, Michel Thiebaut de Schotten, Emmanuel Mandonnet, and 

Hugues Duffau. 2011. “Evidence for Potentials and Limitations of Brain Plasticity 

Using an Atlas of Functional Resectability of WHO Grade II Gliomas: Towards A 

‘minimal Common Brain.’” NeuroImage 56 (3): 992–1000. 

https://doi.org/10.1016/j.neuroimage.2011.03.022. 

Kane, J. Robert. 2019. “The Role of Brain Vasculature in Glioblastoma.” Molecular 

Neurobiology 56 (9): 6645–53. https://doi.org/10.1007/s12035-019-1561-y. 

Karolis, Vyacheslav R., Maurizio Corbetta, and Michel Thiebaut de Schotten. 2019. “The 

Architecture of Functional Lateralisation and Its Relationship to Callosal Connectivity in 

the Human Brain.” Nature Communications 10 (1): 1–9. https://doi.org/10.1038/s41467-

019-09344-1. 

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted February 2, 2023. ; https://doi.org/10.1101/2023.02.02.526219doi: bioRxiv preprint 

https://doi.org/10.1101/2023.02.02.526219
http://creativecommons.org/licenses/by-nc-nd/4.0/


22 

 

Kong, Xiang Zhen, Samuel R. Mathias, Tulio Guadalupe, Christoph Abé, Ingrid Agartz, 

Theophilus N. Akudjedu, Andre Aleman, et al. 2018. “Mapping Cortical Brain 

Asymmetry in 17,141 Healthy Individuals Worldwide via the ENIGMA Consortium.” 

Proceedings of the National Academy of Sciences of the United States of America 115 

(22): E5154–63. https://doi.org/10.1073/pnas.1718418115. 

Krieg, Sandro M., Nico Sollmann, Theresa Hauck, Sebastian Ille, Annette Foerschler, 

Bernhard Meyer, and Florian Ringel. 2013. “Functional Language Shift to the Right 

Hemisphere in Patients with Language-Eloquent Brain Tumors.” PLoS ONE 8 (9). 

https://doi.org/10.1371/journal.pone.0075403. 

Kristo, Gert, Mathijs Raemaekers, Geert Jan Rutten, Beatrice de Gelder, and Nick F. Ramsey. 

2015. “Inter-Hemispheric Language Functional Reorganization in Low-Grade Glioma 

Patients after Tumour Surgery.” Cortex 64: 235–48. 

https://doi.org/10.1016/j.cortex.2014.11.002. 

Li, Qiongge, Jian W. Dong, Gino Del Ferraro, Nicole Petrovich Brennan, Kyung K. Peck, 

Viviane Tabar, Hernán A. Makse, and Andrei I. Holodny. 2019. “Functional 

Translocation of Broca’s Area in a Low-Grade Left Frontal Glioma: Graph Theory 

Reveals the Novel, Adaptive Network Connectivity.” Frontiers in Neurology 10 (JUL): 

1–6. https://doi.org/10.3389/fneur.2019.00702. 

Majewska, Ania K., Jessica R. Newton, and Mriganka Sur. 2006. “Remodeling of Synaptic 

Structure in Sensory Cortical Areas In Vivo.” Journal of Neuroscience 26 (11): 3021–

29. https://doi.org/10.1523/JNEUROSCI.4454-05.2006. 

Molenberghs, Pascal, Lydia Hayward, Jason B. Mattingley, and Ross Cunnington. 2012. 

“Activation Patterns during Action Observation Are Modulated by Context in Mirror 

System Areas.” NeuroImage 59 (1): 608–15. 

https://doi.org/10.1016/j.neuroimage.2011.07.080. 

Okada, N., M. Fukunaga, F. Yamashita, D. Koshiyama, H. Yamamori, K. Ohi, Y. Yasuda, et 

al. 2016. “Abnormal Asymmetries in Subcortical Brain Volume in Schizophrenia.” 

Molecular Psychiatry 21 (10): 1460–66. https://doi.org/10.1038/mp.2015.209. 

Park, Haeme R.P., Gjurgjica Badzakova-Trajkov, and Karen E. Waldie. 2012. “Language 

Lateralisation in Late Proficient Bilinguals: A Lexical Decision fMRI Study.” 

Neuropsychologia 50 (5): 688–95. 

https://doi.org/10.1016/j.neuropsychologia.2012.01.005. 

Partovi, Sasan, B. Jacobi, N. Rapps, L. Zipp, S. Karimi, F. Rengier, J. K. Lyo, and C. 

Stippich. 2012. “Clinical Standardized fMRI Reveals Altered Language Lateralization in 

Patients with Brain Tumor.” American Journal of Neuroradiology 33 (11): 2151–57. 

https://doi.org/10.3174/ajnr.A3137. 

Pasquini, Luca, Alberto Di Napoli, Maria Camilla Rossi-Espagnet, Emiliano Visconti, 

Antonio Napolitano, Andrea Romano, Alessandro Bozzao, Kyung K. Peck, and Andrei 

I. Holodny. 2022. “Understanding Language Reorganization With Neuroimaging: How 

Language Adapts to Different Focal Lesions and Insights Into Clinical Applications.” 

Frontiers in Human Neuroscience 16 (February). 

https://doi.org/10.3389/fnhum.2022.747215. 

Petrovich, Nicole M., Andrei I. Holodny, Cameron W. Brennan, and Philip H. Gutin. 2004. 

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted February 2, 2023. ; https://doi.org/10.1101/2023.02.02.526219doi: bioRxiv preprint 

https://doi.org/10.1101/2023.02.02.526219
http://creativecommons.org/licenses/by-nc-nd/4.0/


23 

 

“Isolated Translocation of Wernicke’s Area to the Right Hemisphere in a 62-Year-Man 

with a Temporo-Parietal Glioma.” American Journal of Neuroradiology 25 (1): 130–33. 

Połczyńska, Monika M, Lilian Beck, Taylor Kuhn, Christopher F Benjamin, Timothy K Ly, 

Kevin Japardi, Lucia Cavanagh, and Susan Y Bookheimer. 2021. “Tumor location and 

reduction in functional MRI estimates of language laterality” 135 (December): 1674–84. 

https://doi.org/10.3171/2020.9.JNS202036 

Quiñones, Ileana, Lucia Amoruso, Iñigo Cristobal Pomposo Gastelu, Santiago Gil‐ robles, 

and Manuel Carreiras. 2021. “What Can Glioma Patients Teach Us about Language 

(Re)organization in the Bilingual Brain: Evidence from Fmri and Meg.” Cancers 13 

(11). https://doi.org/10.3390/cancers13112593. 

Reynolds, Jess E., Xiangyu Long, Melody N. Grohs, Deborah Dewey, and Catherine Lebel. 

2019. “Structural and Functional Asymmetry of the Language Network Emerge in Early 

Childhood.” Developmental Cognitive Neuroscience 39 (March): 100682. 

https://doi.org/10.1016/j.dcn.2019.100682. 

Rorden, Chris, and Matthew Brett. 2000. “Lesion Analysis.” Behavioural Neurology 12 

(0953–4180): 191–200. www.fil.ion.ucl.ac.uk/spm/. 

Sarubbo, Silvio, Alessandro De Benedictis, Stefano Merler, Emmanuel Mandonnet, Sergio 

Balbi, Enrico Granieri, and Hugues Duffau. 2015. “Towards a Functional Atlas of 

Human White Matter.” Human Brain Mapping 36 (8): 3117–36. 

https://doi.org/10.1002/hbm.22832. 

Sarubbo, Silvio, Matthew Tate, Alessandro De Benedictis, Stefano Merler, Sylvie Moritz-

Gasser, Guillaume Herbet, and Hugues Duffau. 2020. “Mapping Critical Cortical Hubs 

and White Matter Pathways by Direct Electrical Stimulation: An Original Functional 

Atlas of the Human Brain.” NeuroImage 205 (September 2019): 116237. 

https://doi.org/10.1016/j.neuroimage.2019.116237. 

Schurz, Matthias, Joaquim Radua, Markus Aichhorn, Fabio Richlan, and Josef Perner. 2014. 

“Fractionating Theory of Mind: A Meta-Analysis of Functional Brain Imaging Studies.” 

Neuroscience and Biobehavioral Reviews 42: 9–34. 

https://doi.org/10.1016/j.neubiorev.2014.01.009. 

Sha, Zhiqiang, Dick Schijven, Amaia Carrion-Castillo, Marc Joliot, Bernard Mazoyer, Simon 

E. Fisher, Fabrice Crivello, and Clyde Francks. 2021. “The Genetic Architecture of 

Structural Left–right Asymmetry of the Human Brain.” Nature Human Behaviour 5 (9): 

1226–39. https://doi.org/10.1038/s41562-021-01069-w. 

Stockert, Anika, Max Wawrzyniak, Julian Klingbeil, Katrin Wrede, Dorothee Kümmerer, 

Gesa Hartwigsen, Christoph P. Kaller, Cornelius Weiller, and Dorothee Saur. 2020. 

“Dynamics of Language Reorganization after Left Temporo-Parietal and Frontal 

Stroke.” Brain 143 (3): 844–61. https://doi.org/10.1093/brain/awaa023. 

Tzourio-Mazoyer, N., G. Josse, F. Crivello, and B. Mazoyer. 2004. “Interindividual 

Variability in the Hemispheric Organization for Speech.” NeuroImage 21 (1): 422–35. 

https://doi.org/10.1016/j.neuroimage.2003.08.032. 

Ulmer, John L., Lotfi Hacein-Bey, Vincent P. Mathews, Wade M. Mueller, Edgar A. DeYoe, 

Robert W. Prost, Glenn A. Meyer, Hendrikus G. Krouwer, and Kathleen M. Schmainda. 

2004. “Lesion-Induced Pseudo-Dominance at Functional Magnetic Resonance Imaging: 

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted February 2, 2023. ; https://doi.org/10.1101/2023.02.02.526219doi: bioRxiv preprint 

https://doi.org/10.1101/2023.02.02.526219
http://creativecommons.org/licenses/by-nc-nd/4.0/


24 

 

Implications for Preoperative Assessments.” Neurosurgery 55 (3): 569–79. 

https://doi.org/10.1227/01.NEU.0000134384.94749.B2. 

Vigneau, M., V. Beaucousin, Pierre Yves Hervé, Gael Jobard, Laurent Petit, Fabrice Crivello, 

Emmanuel Mellet, Laure Zago, B. Mazoyer, and N. Tzourio-Mazoyer. 2011. “What Is 

Right-Hemisphere Contribution to Phonological, Lexico-Semantic, and Sentence 

Processing? Insights from a Meta-Analysis.” NeuroImage 54 (1): 577–93. 

https://doi.org/10.1016/j.neuroimage.2010.07.036. 

Vilasboas, Tatiana, Guillaume Herbet, and Hugues Duffau. 2017. “Challenging the Myth of 

Right Nondominant Hemisphere: Lessons from Corticosubcortical Stimulation Mapping 

in Awake Surgery and Surgical Implications.” World Neurosurgery 103: 449–56. 

https://doi.org/10.1016/j.wneu.2017.04.021. 

Vingerhoets, Guy, John Van Borsel, Cathelijne Tesink, Maurits Van Den Noort, Karel 

Deblaere, Ruth Seurinck, Pieter Vandemaele, and Eric Achten. 2003. “Multilingualism: 

An fMRI Study.” NeuroImage 20 (4): 2181–96. 

https://doi.org/10.1016/j.neuroimage.2003.07.029. 

Wada, Juhn A., Robert Clarke, and Anne Hamm. 1975. “Cerebral Hemispheric Asymmetry 

in Humans: Cortical Speech Zones in 100 Adult and 100 Infant Brains.” Archives of 

Neurology 32 (4): 239–46. https://doi.org/10.1001/archneur.1975.00490460055007. 

Wang, Liya, Dandan Chen, Xiaofeng Yang, Jeffrey J. Olson, Kaundinya Gopinath, Tianning 

Fan, and Hui Mao. 2013. “Group Independent Component Analysis and Functional MRI 

Examination of Changes in Language Areas Associated with Brain Tumors at Different 

Locations.” PLoS ONE 8 (3): 1–10. https://doi.org/10.1371/journal.pone.0059657. 

Yu, Zhou, Ling Tao, Zhiyu Qian, Jiangfen Wu, Hongyi Liu, Yun Yu, Jiantai Song, Shaobo 

Wang, and Jinyang Sun. 2016. “Altered Brain Anatomical Networks and Disturbed 

Connection Density in Brain Tumor Patients Revealed by Diffusion Tensor 

Tractography.” International Journal of Computer Assisted Radiology and Surgery 11 

(11): 2007–19. https://doi.org/10.1007/s11548-015-1330-y. 

Yuan, Taoyang, Zhentao Zuo, Jianyou Ying, Lu Jin, Jie Kang, Songbai Gui, Rui Wang, and 

Chuzhong Li. 2020. “Structural and Functional Alterations in the Contralesional Medial 

Temporal Lobe in Glioma Patients.” Frontiers in Neuroscience 14 (February): 1–10. 

https://doi.org/10.3389/fnins.2020.00010. 

Zhang, Nan, Mingrui Xia, Tianming Qiu, Xindi Wang, Ching po Lin, Qihao Guo, Junfeng 

Lu, et al. 2018. “Reorganization of Cerebro-Cerebellar Circuit in Patients with Left 

Hemispheric Gliomas Involving Language Network: A Combined Structural and 

Resting-State Functional MRI Study.” Human Brain Mapping 39 (12): 4802–19. 

https://doi.org/10.1002/hbm.24324. 

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted February 2, 2023. ; https://doi.org/10.1101/2023.02.02.526219doi: bioRxiv preprint 

https://doi.org/10.1101/2023.02.02.526219
http://creativecommons.org/licenses/by-nc-nd/4.0/

