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A B S T R A C T

Patients with brain tumors involving language-critical regions face surgical limitations when balancing resection 
with preservation of function. Non-invasive neuromodulation-induced prehabilitation (NIP) aims to guide pre
operative neuroplastic reorganization, potentially facilitating larger resections while preserving function. We 
investigated whether NIP selectively modulates the targeted language network, in our case defined as the lan
guage production network, compared with control networks, and whether such modulation is behaviorally safe. 
We enrolled 26 patients (mean age = 55.9 ± 11.8 years) from the Prehabilita project (Clinical Trial: 
NCT05844605) with operable brain tumors affecting language or motor regions. Eleven received language- 
targeted NIP, combining transcranial magnetic stimulation and/or transcranial direct current stimulation with 
intensive language training. Fourteen patients with NIP targeting non-language networks, primarily motor 
networks, served controls. Assessments included task-based functional magnetic resonance imaging (tb-fMRI) 
and a neuropsychological battery assessing language and cognitive domains before and after prehabilitation. 
Results indicated a group-specific NIP effect on the language production network. In the language-targeted 
group, tb-fMRI revealed reduced overlap between a region of interest centered on the stimulation target and 
fMRI-derived language activation maps, whereas no comparable changes were observed in controls. No signif
icant modulation effects were detected in the motor network in either group. These findings indicate that NIP can 
selectively reorganize the language production network, with modulation patterns differing in sensorimotor 
networks. Importantly, language production network modulation occurred while preserving language and 
cognitive performance. These results support NIP targeting higher-order functions such as language as a safe 
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preoperative strategy that may reduce functional constraints on surgery and enable larger and safer resections in 
patients with tumors involving language-critical regions.

1. Introduction

Cancers of the central nervous system (CNS) represent a complex 
group of neoplasms originating from diverse cell types within the brain, 
spinal cord, and surrounding tissues (Salari et al., 2023; PDQ Adult 
Treatment Editorial Board, 2024). These tumors are a leading cause of 
morbidity, severe disability, and mortality, imposing a significant 
burden on healthcare systems (Deorah et al., 2006; Fan et al., 2022). 
According to the most recent reports (Bray et al., 2024), in 2022 there 
were 321,476 newly diagnosed cases of CNS cancers, causing 248,305 
deaths worldwide. Despite advances in the fields of neurosurgery, 
radiotherapy, and chemotherapy, the overall 5-year survival rate for 
malignant brain tumors is estimated to be 35.7% (Ostrom et al., 2023). 
In the context of brain tumor surgery, patient survival and quality of life 
depend not only on the extent of tumor resection, but also on preserving 
healthy brain tissue and neurological function (Brown et al., 2016; Roh 
& Kim, 2023). However, the balance between tumor removal and the 
preservation of functional tissue is often challenging, particularly when 
tumors are located within or invade brain regions holding critical 
functions, such as those involved in language (Shah et al., 2025).

Language is a fundamental human cognitive function, subserved by a 
large-scale neural network characterized by dynamic interactions 
among distributed brain regions, mainly including the frontal and 
temporoparietal cortices (Hickok & Poeppel, 2007; Nieberlein et al., 
2023). The language system in the brain is highly plastic, as evidenced 
by its capacity for adaptive reorganization after injuries to mitigate 
language-related impairments, such as those caused by brain tumors 
(Fisicaro et al., 2016) or following a stroke (Geranmayeh et al., 2014; 
Tilton-Bolowsky et al., 2024). Such reorganization includes recruitment 
of distinct perilesional regions, the activation of homologous areas in the 
contralateral hemisphere, as well as the engagement of domain-general 
regions in both hemispheres (i.e., the prefrontal cortex; Cirillo et al., 
2019; Fedorenko et al., 2024; Geranmayeh et al., 2014; Martin et al., 
2022; Nieberlein et al., 2023).

In this context, non-invasive brain stimulation (NIBS) techniques, 
which can be used to induce and guide brain plasticity processes 
(Jannati et al., 2023; Kirton et al., 2021), can be powerful allies. NIBS 
includes techniques with distinct mechanisms and spatiotemporal pro
files (Polanía et al., 2018). Here, we used transcranial magnetic stimu
lation (TMS) and transcranial direct current stimulation (tDCS). TMS 
induces electric fields in cortical tissue through brief magnetic pulses 
and, depending on intensity and protocol, can modulate neural activity 
or elicit action potentials (Hallett, 2007; Rossini et al., 2015). When 
applied repetitively, rTMS can produce excitability changes that outlast 
stimulation, with high- and low-frequency protocols often associated 
with facilitatory and inhibitory effects, respectively (Fitzgerald et al., 
2006; Rossini et al., 2015). In contrast, tDCS applies weak direct cur
rents that modulate ongoing neural activity and plasticity through 
subthreshold electric fields, rather than directly inducing neuronal 
firing; its effects depend on polarity, montage, dose, task context, and 
brain state (Nitsche & Paulus, 2000; Nitsche et al., 2008; Stagg et al., 
2018; Polanía et al., 2018). Compared with TMS, tDCS is generally 
less focal but easier to administer alongside behavioral training, making 
it suitable for neurorehabilitation protocols. However, NIBS effects show 
substantial inter- and intra-individual variability, with response 
magnitude and even response direction varying across participants and 
sessions (López-Alonso et al., 2014; Chew et al., 2015; Vallence et al., 
2015). Previous research has consistently shown that NIBS protocols 
can modulate functional activity and connectivity across key brain 
networks in healthy individuals (e.g., Abellaneda-Pérez et al., 2019; 
Halko et al., 2014; Wang et al., 2014), including the language network 

(e.g., Meinzer et al., 2013). Moreover, NIBS has also been shown to in
fluence network patterns in distinct neurologic and psychiatric condi
tions (e.g., Liston et al., 2014), including those within the language 
network (Meinzer et al., 2015). Building on this evidence, NIBS is 
emerging as a promising interventional approach for pre-surgical con
ditioning in brain tumor patients, seeking to reconfigure critical brain 
networks before surgery to enable safer and more extensive resections 
(e.g., Barcia, Sanz, González-Hidalgo, et al., 2012; Rivera-Rivera et al., 
2017; Dadario et al., 2022; Lang et al., 2020; Engelhardt, 2023). 
These approaches are known as neuromodulation-induced pre
habilitation (NIP) and are based on combining NIBS with intensive, 
function-specific training. A key feature of NIP is the pairing of 
inhibitory-like neuromodulation applied to peritumoral regions with 
targeted behavioral training delivered during or immediately after brain 
stimulation, with the aim of transiently suppressing local activity while 
exploiting windows of heightened neuroplasticity to facilitate compen
satory network recruitment and adaptive functional reorganization 
(Bolognini, 2009). Ultimately, these approaches aim to enable more 
extensive tumor resection (potentially reducing recurrence risk) without 
increasing the likelihood of postoperative functional deficits (Boccuni 
et al., 2023). Recently, we applied a non-invasive NIP protocol, 
combining NIBS with intensive training, in a case series of ten patients, 
initially showing that these protocols are feasible, safe and well toler
ated (Boccuni et al., 2024a). Moreover, in an fMRI-based case report, we 
provided a detailed characterization of the potential neural mechanisms 
underlying this NIP process within the language network (Boccuni et al., 
2024b). Altogether, these findings highlight the potential for 
language-network plasticity prior neurosurgery, revealing substantial 
capacity for functional modulation.

Importantly, NIBS effects show substantial inter- and intra- 
individual variability, with response magnitude and even response di
rection varying across participants and sessions (Hamada et al., 2013; 
López-Alonso et al., 2014; Chew et al., 2015; Vallence et al., 2015; 
Martin-Trias et al., 2018; Goldsworthy et al., 2021). This variability, 
however, also represents an opportunity to improve outcomes by opti
mizing protocols through precision and personalization (i.e., 
Abellaneda-Pérez et al., 2019; 2023; Cappon & Pascual-Leone, 2024; 
Perellón-Alfonso et al., 2022). In this context, the present study exam
ined whether an individualized and repeated NIP protocol could induce 
measurable reorganization of the at-risk functional network without 
producing detectable worsening in language or broader cognitive per
formance. Although single-session NIBS effects can be variable, repeated 
stimulation combined with behavioral training may help reinforce 
intervention-related neurofunctional changes and increase the likeli
hood of observing measurable network-level modulation (Wang et al., 
2014; Antonenko et al., 2023). Moreover, assessing non-targeted 
cognitive domains is clinically relevant, to rule out potential crowding 
effects whereby preservation or reallocation of language functions may 
occur at the expense of non-verbal abilities (Lidzba et al., 2006; Bisten 
et al., 2025).

Nonetheless, NIP research remains limited and largely focused on 
clinical outcomes (Barcia et al., 2012; Boccuni et al., 2024a; Boccuni 
et al., 2024b; Dadario et al., 2022; Ekert et al., 2024; Lang et al., 
2020; Serrano-Castro et al., 2020), leaving the neural mechanisms un
derlying these changes largely unexplored. In this vein, systematic 
characterization of NIP-associated network-level topological changes 
and their relationship to behavioral outcomes remains largely lacking, 
particularly in cognitive and language-related NIP protocols (e.g., 
Dadario et al., 2022; Lang et al., 2020; Ekert et al., 2024). This gap is of 
central importance, as tumors located near language regions are 
frequently considered inoperable due to the risk of intervention-related 
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language impairment (Collée et al., 2022; Sanai & Berger, 2008). 
Indeed, postoperative communication deficits are among the most 
disabling outcomes of brain surgery, with major consequences for in
dependence and quality of life and they can persist even when 
function-preserving approaches such as awake mapping are used (Collée 
et al., 2022; Vogrincic et al., 2025). Furthermore, language preservation 
is a cross-cutting neurosurgical problem extending beyond 
neuro-oncology (e.g., epilepsy surgery), reinforcing the broader rele
vance of understanding language network plasticity and its modulation 
for distinct translational clinical applications (Zhu et al., 2025). 
Accordingly, the present study focused on comprehensively character
izing these network-level effects in a larger, more homogeneous cohort 
and comparing them with a non-language NIP control group.

Specifically, this study aims to: (1) examine whether NIP protocols 
targeting the language production network (as obtained by task-based 
fMRI activation maps), elicit brain network changes that are specific 
to the targeted system (i.e., language production network) and are 
dissociable from modifications in non-targeted brain networks (i.e. 
motor network); (2) assess whether these language production network 
changes are associated with measurable behavioral modifications in 
language performance during NIP intervention; and (3) determine 
whether these neural and behavioral NIP-related modulations occur 
with or without entailing deleterious effects on other cognitive processes 
(i.e., potential crowding effects). We hypothesize that non-invasive NIP 
will induce specific topographical reorganization within the targeted 
language production network, reflected in measurable pre vs. post 
intervention shifts in task-based functional magnetic resonance imaging 
(tb-fMRI) activation patterns. Considering the distributed and multi
modal architecture of the language network, we hypothesize that 
induced neural changes will remain behaviorally neutral, with no 
measurable detrimental effects on language performance or other 
cognitive domains (e.g., visuospatial constructional and perceptual 
abilities).

2. Materials and methods

This study is part of the Prehabilita project, conducted at Institut 
Guttmann (Guttmann Barcelona, Brain Health and Neurorehabilitation, 
Barcelona, Spain). A detailed description of the prehabilitation protocol 
employed in this study can be found in Boccuni et al. (2023).

2.1. Participants

A total of 30 patients were enrolled in the prehabilitation program. 
This cohort included participants recruited within the ongoing clinical 
trial (ClinicalTrials.gov identifier: NCT05844605) as well as individuals 
enrolled during a preceding pilot phase of the project. These patients 
were awaiting neurosurgery for a brain tumor affecting language or 
other non-language functions. Patients were referred from various 
Neurosurgery Units at different Hospitals across Catalonia, Spain. 
Exclusion criteria included contraindications for NIBS protocols, un
stable medical conditions, a history of substance abuse, and severe 
musculoskeletal or cognitive disorders that could impact the interven
tion. Of the initial 30 participants, 4 were excluded from the current 
study: one due to fMRI acquisition issues; two because their tumors had 
non-language or non-motor functional involvement; and one because 
stimulation was delivered altogether to two functionally distinct targets 
(i.e., motor and language areas). The final sample comprised 26 patients 
(10 women; mean age = 55.88 ± 11.81 years), 12 of whom had high- 
grade gliomas (Table 1). All participants were right-handed, except for 
two left-handed individuals, both of whom belonged to the group in 
which the language production network was not targeted for stimula
tion. Moreover, one participant who received only multifocal tDCS was 
excluded from one specific fMRI analysis (“2.6.1 Local effects of NIP at 
the stimulation target”) because an individualized ROI could not be 
defined. Additionally, one participant in the control group was excluded 

from the same analysis and another (“2.6.2 Effects of NIP on targeted 
network size”) due to missing post-intervention neuroimaging data on 
hand function.

Patients underwent comprehensive clinical, cognitive, and motor 
assessments, as well as all the prehabilitation intervention sessions, at 
Institut Guttmann in Barcelona, Spain. Neuroimaging assessments were 
performed at the IDIBAPS Magnetic Resonance Imaging Core Facility at 
Hospital Clinic de Barcelona, Barcelona, Spain. Recruitment spanned 
from July 2021 to December 2024, with evaluations conducted at two 
different time-points: before and after NIP. See Fig. 1 for an overview of 
the study design and timeline. Informed consent was obtained from all 
participants. All procedures from the present investigation were per
formed in accordance with the declaration of Helsinki. The study was 
approved by the Research Ethical Committee of Fundació Unió Catalana 
d’Hospitals (approval number: CEI 21/65, version 1, 13/07/2021).

2.2. Clinical, neuropsychological and motor assessments

Comprehensive clinical and neuropsychological assessments were 
conducted at each time point (pre-NIP and post-NIP) for all patients (see 
Fig. 1). Evaluations of language and cognitive functions were performed 
by licensed clinical neuropsychologists, while motor function exami
nations were performed by physiotherapists specialized in neuro
rehabilitation. For further details on the study assessments, the reader is 
referred to Boccuni et al. (2023). For this investigation, we focused 
specifically on data related to the NIP intervention to evaluate the im
mediate neural and behavioral effects of the prehabilitation process. 
Postoperative outcomes were beyond the scope of this analysis, which 
was designed to isolate the direct effects of prehabilitation.

2.2.1. Language and neuropsychological functioning
The neuropsychological assessment used was the Barcelona-Revised 

Test (TB-R; Peña-Casanova, 2005). This battery of tests includes spon
taneous language (conversation and narration, thematic narration, and 
picture description); fluency and informative content (qualitatively 
assessed based on the information obtained in the spontaneous language 
subtest); verbal word repetition; verbal naming (i.e., response by 
naming); verbal comprehension; reading comprehension (using sen
tences and texts); automatic language (using both forward and reverse 
sequential series); verbal repetition (using syllables, logatomes, and 
sentences); naming (using visuo-verbal naming and naming comple
tion); and verbal comprehension (complex verbal material).

Moreover, to examine whether the functional impact of the 
prehabilitation-induced brain reorganizations extended beyond the 
targeted language domain to other cognitive functions (i.e., non- 
language-related processes), this investigation included neuropsycho
logical assessments of visuospatial constructional and perceptual abili
ties. These were evaluated using the Block Design subtest of the WAIS-III 
(Wechsler, 2008) and the visuospatial attention subtest of the TB-R test.

2.3. Neuroimaging acquisition and analysis

2.3.1. MRI acquisition
MRI data was acquired as part of the general NIP protocol (Fig. 1) 

using a 3-T Siemens scanner (MAGNETOM Prisma) equipped with a 64- 
channel head coil, except when the patient didn’t fit comfortably; in 
those cases, we use the more spacious 20-channel coil. As detailed in the 
protocol description (see Section 2.3; Boccuni et al., 2023), compre
hensive MRI acquisitions, including structural, diffusion, task-based, 
and resting-state sequences, were performed before and after NIP. For 
the purposes of the present study, we focused exclusively on structural 
and task-based fMRI data.

For structural imaging data, a high-resolution T1-weighted structural 
image was obtained using a magnetization-prepared rapid acquisition 
gradient echo (MPRAGE) three-dimensional protocol (repetition time 
[TR] = 2400 ms, echo time [TE] = 2.22 ms, inversion time = 1000 ms, 
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Table 1 
Characteristics of study participants in each group, including age, sex, patient symptoms, tumor diagnosis, tumor location/side, NIBS protocol, TMS target in MNI 
coordinates (x, y, z), and and the corresponding anatomical region based on the AAL atlas. Abbreviations: L/R = left/right; NIBS = non-invasive brain stimulation; 
TMS = transcranial magnetic stimulation; MNI = Montreal Neurological Institute; AAL = Automated Anatomical Labeling; RLL = right lower limb; LRL = left lower 
limb.

Language group (n = 11)

ID AGE SEX PATIENT SYMPTOMS TUMOR DIAGNOSIS MAIN TUMOR 
LOCATION 
(LOBE, SIDE)

NIBS 
PROTOCOL

NIBS TARGET 
MNI 
COORDINATES 
(X, Y, Z)

NIBS TARGET 
ANATOMICAL REGION 
(AAL atlas)

1 49 M Comitial crisis Astrocytoma (WHO 
grade IV)

Frontal, L 1hz 
rTMS + multifocal 
tDCS

-57 12 7 Left inferior frontal 
gyrus, opercular part

2 37 F Mild speech disturbance Cavernoma Parietal, L 1hz rTMS -45 -48 48 Left inferior parietal 
lobe / intraparietal 
sulcus

3 72 F Mild speech disturbance 
(naming, repetition) / mild 
memory impairment (short term, 
working memory)

Cavernoma Temporal, L 1hz rTMS -63 -46 5 Left middle temporal 
gyrus

4 47 M Mild speech disturbance / mild 
memory impairment / partial 
comitial crisis (olfactory crisis)

Astrocytoma (WHO 
grade III)

Frontal & 
Temporal, R

1hz 
rTMS + multifocal 
tDCS

49 20 2 Right inferior frontal 
gyrus, orbital part

5 53 M Mild speech disturbance Glioblastoma (WHO 
grade IV)

Frontal, L 1hz rTMS -52 23 26 Left inferior frontal 
gyrus, triangular part

6 69 F Mild speech disturbance Glioma Frontal, L 1hz 
rTMS + multifocal 
tDCS

-56 15 21 Left inferior frontal 
gyrus, opercular part

7 65 M Partial comitial crisis (olfactory 
crisis)

Ganglioglioma (WHO 
grade I)

Frontal, R 1hz 
rTMS + multifocal 
tDCS

52 16 -6 Left inferior frontal 
gyrus, orbital part

8 56 M Partial focal crisis in face and 
neck / paraphasic speech

Glioblastoma (WHO 
grade IV)

Frontal, L 1hz 
rTMS + multifocal 
tDCS

-45 20 25 Left inferior frontal 
gyrus, opercular and 
triangular parts

9 59 F Tonic-clonic seizures, paraphasic 
speech

Glioblastoma (WHO 
grade IV)

Frontal, L 1hz 
rTMS + multifocal 
tDCS

-43 29 28 Left inferior frontal 
gyrus, triangular part

10 54 M Aphasia, paraphasic speech, 
mild cognitive impairment

Glioblastoma (WHO 
grade IV)

Temporal, L 1hz rTMS -68 -46 10 Left middle temporal 
gyrus

11 47 M Paraphasic speech, mild 
cognitive impairment

Oligodendroglioma 
(WHO grade II)

Frontal, L 1hz 
rTMS + multifocal 
tDCS

-51 7 42 Left precentral gyrus

Non-language group (n = 15)

ID AGE SEX PATIENT SYMPTOMS TUMOR DIAGNOSIS TUMOR 
LOCATION 
(LOBE, SIDE)

NIBS 
PROTOCOL

NIBS TARGET 
MNI 
COORDINATES 
(X, Y, Z)

NIBS TARGET 
ANATOMICAL 
REGION (AAL atlas)

12 60 F Moderate-severe right-hand motor 
and sensory impairment

Meningioma (WHO 
grade I)

Parietal, L 1hz rTMS -53 -35 50 Left inferior parietal 
lobule

13 65 M Transitory left facial supranuclear 
paralysis / Involuntary movements 
/ dysarthria

Glioblastoma (WHO 
grade IV)

Frontal, R 1hz rTMS 47 0.7 59 Right precentral gyrus

14 59 M Dizziness / presyncope Astrocytoma (WHO 
grade II)

Frontal, R multifocal tDCS NA NA

15 30 M Comitial crisis Astrocytoma (WHO 
grade II)

Frontal, R 1hz rTMS 38 -16 64 Right precentral gyrus

16 64 M Left hand sensory impairment 
(paraesthesia)

Meningioma (WHO 
grade II)

Parietal, R 1hz rTMS 23 -35 72 Right postcentral 
gyrus

17 45 F Comitial crisis Oligodendroglioma 
(WHO grade II)

Frontal, R 1hz rTMS 38 -18 62 Right precentral gyrus

18 45 M Left hand sensory and motor 
impairment

Glioblastoma (WHO 
grade IV)

Frontal, R 1hz rTMS 23 15 62 Right superior frontal 
gyrus

19 59 F Left hand sensory and motor 
impairment (paraesthesia, 
clumsiness and reduced grip)

Glioblastoma (WHO 
grade IV)

Frontal, R 1hz 
rTMS + multifocal 
tDCS

41 -13 59 Right precentral gyrus

20 69 M Moderate left lower limb motor 
impairment (apraxia)

MT: Non-Small Cell 
Carcinoma

Frontal, L 1hz 
rTMS + multifocal 
tDCS

-45 -5 20 Left precentral gyrus 
and left rolandic 
operculum

21 35 F Mild right hemiparesis / RLL 
Hypoesthesia and dysesthesia / 
mild motor impairment in RLL / 
attention deficits

Astrocytoma (WHO 
grade II)

Frontal & 
Parietal, L

1hz rTMS -4 -28 74 Left paracentral lobule

22 60 M Tonic-clonic seizures Glioblastoma (WHO 
grade IV)

Frontal, L 1hz 
rTMS + multifocal 
tDCS

-39 -13 63 Left precentral gyrus

(continued on next page)
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field of view [FOV] = 256 × 240 mm², flip angle = 8◦, and 0.8-mm 
isotropic voxel). For functional imaging data, the participants under
went task-based fMRI (tb-fMRI) with multiband (anterior-posterior 
phase-encoding; acceleration factor = 8) interleaved acquisitions (T2- 
weighted EPI scans, TR = 800 ms, TE = 37 ms, 72 slices, slice 
thickness = 2 mm, FOV = 208 × 208 mm²). Tb-fMRI were acquired 
during three language and three motor paradigms. Production language 
(phonemic and semantic) tasks entailed 373 volumes, while the 
remaining tb-fMRI acquisitions entailed 223 volumes. Task procedures 
are described in the following section.

Language function was assessed using three task-based fMRI para
digms mapping production and comprehension language-related pro
cesses, all performed with covert verbal responses to minimize speech- 
related head motion during MRI scanning (Gracco et al., 2005; Li et 
al, 2017): (1) Phonemic fluency: participants were instructed to 
generate as many words as possible starting with a specific letter 
(namely, “F”, “A”, “S”, “M”, and “E”, in this same order). (2) Semantic 
fluency: participants listed objects associated with specific environ
ments (namely, school, kitchen, car, house, and hospital). (3) Auditory 
comprehension task: participants listened to a story narrated in a 
made-up language, and right after they listened to a story narrated in 
Spanish. Each of these tasks was repeated three times. To assess motor 
function a series of specific tasks targeting different movement patterns 
were implemented. Given the nature of motor fMRI paradigms, move
ment could not be fully avoided at the design level; however, tasks were 
designed to involve controlled movements while minimizing unnec
essary head motion. The motor tasks were: (1) Finger tapping task: 
participants tapped each finger against their thumb, one hand at a time, 
performing the task separately with the left and right hand. (2) Ankle 
flexion task: participants moved each foot up and down slowly, per
forming the task separately with the left and right foot. (3) Tongue 
movement task: participants moved their tongue in circular motions 
while keeping their mouth closed.

2.3.2. fMRI preprocessing
Task-based fMRI was processed and analyzed using statistical 

parametric mapping (SPM12; Wellcome Trust Centre for Imaging 
Neuroscience, http://www.fil.ion.ucl.ac.uk/spm/) and MAGIC fMRI 
toolbox18, an in-house application developed with MATLAB 2017b.

Prior to statistical analysis, functional scans from each subject un
derwent the standard fMRI preprocessing pipeline, including specific 
procedures to control for motion-related artifacts. Preprocessing 
involved the following steps: I) realignment of fMRI data using the mean 
image as a reference to remove any minor motion-related signal change 
and discarding any subject with a displacement greater than 3mm, II) 
slice-time correction, III) coregistration of the mean functional image to 
his corresponding structural image, IV) normalization into standard 
space (2 × 2 × 2mm; Montreal Neurology Institute, MNI coordinates) by 
using deformation fields obtained from the segmentation of the struc
tural image, V) spatial smoothing with a Gaussian kernel of 8mm full 
width at half maximum (FWHM).

A first-level analysis was performed by fitting a general linear model 
on a voxelwise basis to model the brain activation of each task. 
Condition-specific effects were modeled by creating a boxcar function 
convolved with a canonical hemodynamic response function (HRF). 
Additionally, motion parameters were entered as regressors of no in
terest. Contrast images were calculated by subtracting the rest condition 
from the task condition. A criterion for statistically significant activation 
was set at a threshold of p-value < 0.001 and a family-wise error cluster 
threshold of p-value < 0.01 was applied to correct for multiple com
parisons. All images were visually inspected for potential artifacts or 
technical problems. The size of significant clusters of activation reported 
by SPM were further used to evaluate NIP effect.

2.4. Subject classification and targeting procedures

Participants first underwent task-based fMRI to map functional 
activation (e.g., language function) allowing identification of critical 
functional regions at risk due to their proximity to the lesion. For each 
patient, we primarily used these fMRI activation maps to select NIBS 
targets. The primary approach was to place the stimulation site over 
peak fMRI activation clusters within the peritumoral region.In the 

Table 1 (continued )

Non-language group (n = 15)

ID AGE SEX PATIENT SYMPTOMS TUMOR DIAGNOSIS TUMOR 
LOCATION 
(LOBE, SIDE) 

NIBS 
PROTOCOL 

NIBS TARGET 
MNI 
COORDINATES 
(X, Y, Z) 

NIBS TARGET 
ANATOMICAL 
REGION (AAL atlas)

23 49 M Left frontoparietal haemorrhagic 
stroke, mild right hemiparesis, mild 
cognitive impairment

Oligodendroglioma 
(WHO grade III)

Frontal & 
Parietal, L

1hz rTMS -31 -22 65 Left paracentral lobule

24 59 M LRL paresthesia / focal crisis Glioblastoma (WHO 
grade IV)

Frontal, L 1hz rTMS -36 -18 68 Left precentral gyrus

25 77 F RLL motor impairment Meningioma (WHO 
grade I)

Frontal, L 1hz rTMS -45 -17 65 Left precentral gyrus

26 69 F Left arm paresthesia, hand fine 
motor impairment

Gliosarcoma (WHO 
grade IV)

Frontal, R 1hz rTMS 52 -12 45 Right precentral gyrus

Fig. 1. Study design and timeline, outlining the neuroimaging, clinical and neuropsychological assessments conducted pre- and post-NIP. The prehabilitation 
program lasted 12 ± 7 days, and surgery was performed 3 ± 2 days after completion.
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present study, the peritumoral region was defined on an individual 
basis, not according to a predefined anatomical radius or fixed distance 
from the tumor margin, but rather according to the functionally relevant 
task-based fMRI activation cluster located closest to the lesion and the 
surrounding affected tissue, including edema when present. In this 
context, the stimulation target was selected by integrating the spatial 
location of the fMRI activation cluster, its intraoperative significance, 
and its accessibility as a cortical target for NIBS. When this approach was 
not possible (e.g., the activation peak of the main fMRI cluster was not 
cortically accessible to NIBS), an alternative target was selected within 
the same task-related fMRI activation map by identifying the next sig
nificant activation peak location that was accessible to stimulation. With 
this trade-off, alternative targets remained within the functionally 
relevant network, while being as close to the lesion as feasibility of 
stimulation allowed.

Following this assessment, participants were divided into two groups 
according to the targeted stimulation point (see Table 1). The language 
group (n=11) included individuals in whom language production 
network was considered at risk (phonemic and semantic fluency); in 
these cases, language-related fMRI clusters were targeted with NIBS. The 
non-language group (n=15) comprised participants with motor areas 
considered at risk; here, stimulation was delivered to motor targets.

For the language group, language production-related activation was 
assessed using two covert verbal fluency paradigms: phonemic fluency 
and semantic fluency. These tasks were used to generate individual task- 
based fMRI activation maps. At the single-participant level, target se
lection was based on the individual clinical and fMRI profiles, taking 
into account the spatial relationship between activation peaks and the 
lesion, the predominant functional profile, and technical accessibility to 
stimulation. Specifically, the selected target corresponded to a phonemic 
fluency activation node in cases 5, 7, and 10, to a semantic fluency 
activation node in cases 4 and 6, and to a spatially overlapping phone
mic and semantic fluency activation node in cases 1, 2, 3, 8, 9, and 11. 
After target selection, the phonemic and semantic fluency maps were 
jointly used to characterize the broader individualized language pro
duction network. This was justified by the observation that in all par
ticipants for whom both task maps were available, the phonemic and 
semantic fluency maps showed spatial overlap at the network level (see 
Supplementary Material, Fig. S4). In case 10, only one production-task 
fMRI map was available.

For the non-language group, the “motor network” was operationally 
defined at the single-participant level as the set of task-evoked fMRI 
activation maps corresponding to distinct somatotopic motor represen
tations. These included finger tapping for the hand representation, ankle 
flexion for the lower-limb representation, and tongue movement for the 
orofacial/tongue representation. The motor network therefore did not 
correspond to a combined activation map generated by merging all 
motor tasks, but rather to the relevant task-specific motor representa
tions identified in each participant. For target selection, the clinically 
relevant motor representation closest to the lesion was identified for 
each participant, while also considering clinical relevance and technical 
accessibility for NIBS. The hand motor representation was targeted in all 
15 non-language participants and was therefore used for the primary 
motor analyses to maintain consistency across participants. The lower- 
limb representation was additionally targeted in two cases because of 
its clinical relevance. No stimulation target was selected from the 
tongue-movement map in the present cohort.

In cases 12, 13, 15, and 17, fMRI-based targeting was not conducted 
prospectively because these participants were enrolled during the pre
paratory phase of the study, before systematic implementation of the 
fMRI-guided targeting workflow. In cases 12, 15, and 17, stimulation 
sites were defined using TMS motor mapping coordinates over the pri
mary motor cortex. In Case 13, target selection for stimulation was 
guided by clinical and anatomical considerations based on the patient’s 
T1-weighted anatomical MRI, including the spatial relationship of the 
tumor to the premotor and primary motor cortices. The entire procedure 

was supervised by a neurologist with expertise in neuromodulation. 
These patients were retained in the present analyses because they ful
filled the study inclusion criteria and because the stimulation co
ordinates were subsequently verified to fall within the corresponding 
task-based motor fMRI activation maps of interest. The corresponding 
verification is provided in Fig. S3 of the Supplementary Material.

The choice of neuromodulation technique (i.e., TMS or tDCS) was 
individualized and guided by each participant’s anatomical and func
tional profile. Specifically, we principally considered tumor location and 
the amount and extent of peritumoral tb-fMRI activation clusters in the 
pre-NIP mapping. When the target corresponded to a spatially circum
scribed cortical node, TMS was preferred because of its higher focality. 
When the relevant activation pattern was more spatially extended, tDCS 
was selected because of its broader electric field distribution. In cases in 
which both a focal target and broader network modulation were 
considered relevant, a combined TMS–tDCS approach was applied.

2.5. Non-invasive NIP intervention

The non-invasive NIP intervention program combined inhibitory- 
like neuromodulation targeting critical peritumoral brain activity with 
intensive task training, aiming to promote topographical reorganization 
of functional networks and facilitate the displacement of activity away 
from the lesion site. When rTMS was used, task training started imme
diately after the stimulation block. Targets were defined on each par
ticipant’s native structural MRI and stimulation was delivered using 
MRI-guided neuronavigation (Brainsight; Rogue Research, Montreal, 
Canada); details are provided in Boccuni et al. (2023). When tDCS was 
used, task training was performed concurrently during stimulation. 
Participants were scheduled to undergo between 10 and 20 treatment 
sessions, depending on the available preoperative therapeutic window. 
The NIP intervention was individualized according to each participant’s 
clinical and neural profile, as well as their preoperative schedule. The 
number and frequency of sessions were determined by the time available 
before surgery, the participant’s scheduled clinical pathway, and logis
tical factors, including medical appointments, diagnostic procedures, 
coordination with clinical services, and, when relevant, travel or ac
commodation constraints related to place of residence. Sessions were 
therefore delivered once or twice per day depending on the available 
therapeutic window and logistical viability, while preserving the overall 
structure and therapeutic goals of the intervention. Each session, lasting 
approximately one hour, was carefully personalized to suit the indi
vidual participant's needs and abilities. Participants 12 and 13 
completed a reduced number of treatment sessions, as their data were 
acquired during the initial pilot phase of the trial and are classified as 
part of a preliminary cohort comprising the first 10 participants enrolled 
in our prehabilitation program (Boccuni et al., 2024b; see Table 1).

The primary tasks employed to train language functions comprised 
phonemic fluency, semantic fluency, categorization exercises, word 
games, completion of incomplete words, generation of novel words by 
altering letters in a given word, word list recall, and the narration of a 
film or story while alternating between languages (typically Catalan, 
Spanish, and English). Classic games, such as hangman and word search, 
were also incorporated. Furthermore, the method of loci was employed 
to enhance memory and language associations (Sousa et al, 2021; de 
Lange et al, 2017). The tasks were conducted using both conventional 
pen-and-paper techniques and the Guttmann NeuroPersonalTrainer® 
(GNPT; Solana et al., 2014), a validated online neurotraining platform. 
To promote progressive learning, the level of difficulty for each task was 
systematically increased both within each session and across the entire 
training program. It is important to note that the training tasks described 
above were administered exclusively to the language group; participants 
in the non-language group received motor-oriented training instead, 
with no language training component.
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2.6. fMRI analysis

The FMRIB Software Library (FSL, version 5.0.10; https://fsl.fmrib. 
ox.ac.uk/fsl/fslwiki/) and Statistical Parametric Mapping (SPM, 
version 12; https://www.fil.ion.ucl.ac.uk/spm/) were used for 
analyzing MRI data.

The primary objective of this study was to assess NIBS-induced 
modulation of the language production network, as reflected in 
language-related fMRI activation maps. To determine whether any 
observed effects were specific to stimulation of this network, we 
implemented complementary control analyses. In the language group, 
NIBS targeted the language production network, and the motor network 
was included as a within-subject control to evaluate the anatomical and 
functional specificity of the effects. For the purposes of this within- 
subject control analysis, the non-targeted motor control region was 
defined as the hand motor cluster derived specifically from the finger- 
tapping condition of the task-based motor fMRI map. For each partici
pant, the cluster showing the main activation peak located in the 
hemisphere ipsilateral to the lesion was selected and used as a func
tionally distinct motor reference region against which language pro
duction related fMRI changes could be compared. In the non-language 
group, NIBS targeted the motor network, providing a between-group 
control condition; in this group, language production network activity 
served as a reference to assess whether changes in the language group 
were attributable to direct stimulation rather than nonspecific or global 
effects. Across analyses, all motor network measures were treated as 
control comparisons to strengthen inferences about the specificity of 
modulation within the language production network. Analyses on these 
regards were conducted at two levels. First, a local effects analysis 
employed a region of interest (ROI)–based approach to evaluate neural 
changes at the stimulation target site pre- and post-NIP. Second, a 
network-level analysis compared the overall extent of task-related fMRI 
activation maps across individuals before and after NIP.

2.6.1. Local effects of NIP at the stimulation target
To investigate local fMRI effects of the NIP intervention, we defined a 

spherical ROI (10-mm radius) centered on each individual stimulation 
target. A 10-mm sphere was chosen to balance anatomical specificity 
with robust sampling in normalized fMRI data: it provides sufficient 
voxel coverage for typical whole-brain resolutions (≈2–3 mm) while 
accommodating residual spatial uncertainty introduced by inter- 
individual anatomical variability, spatial normalization error and 
physiological/spatial dispersion of BOLD responses. Therefore, a 10-mm 
ROI was used to capture a reliable sample of activity in tissue immedi
ately surrounding the stimulation site. In the language group, the ROI 
was centered on each participant’s stimulation target within their lan
guage production network. The stimulation target was defined indi
vidually from pre-NIP task-based fMRI acquired during phonemic and 
semantic verbal fluency paradigms. Based on the obtained fMRI acti
vation maps, a functionally relevant cortical node was selected as the 
stimulation target. For TMS, stimulation target was centered on the 
selected node, capitalizing on the focal spatial profile of the technique. 
For tDCS, the montage was optimized to preferentially engage the same 
functionally defined node while additionally encompassing additional 
regions of the targeted network. The target was selected following the 
procedure detailed in Section 2.4. In the non-language group, the ROI 
was positioned over the individual stimulation target within the motor 
network, defined using pre-NIP task-based fMRI localizing motor acti
vation. For within-subject specificity control analyses, an additional ROI 
was placed over the principal activation peak of the non-targeted 
network (i.e., the hand motor network in the language group and the 
language production network in the non-language group) following the 
same functional localization and target-selection procedure.

2.6.2. Effects of NIP on targeted network size
Changes in the spatial extent of functional network activity were 

assessed by comparing the number of activated voxels in the fMRI maps 
between pre- and post-NIP time-points. These analyses were conducted 
separately for both the language production and motor networks in both 
the language and the non-language group.

To quantify these changes, we calculated the total volume of each 
network fMRI activation clusters (Vnet) by summing the number of 
suprathreshold voxels (Sk) within the relevant fMRI activation clusters 
and multiplying by the voxel size, 2 × 2 × 2 mm³(Vvox): 

Vnet = Vvox

∑

i∈Sk

1 

This volume served as an estimate of each participant’s individual 
language production and motor networks overall size and provided a 
basis for comparing network extent across NIP time points.

See Fig. 2 for the representation of the fMRI analyses performed to 
assess the effects of NIP.

2.7. Statistical analyses

Statistical analyses were conducted using R version 4.2.2 (R Core 
Team, 2022) via RStudio version 2022.07.1+554 (RStudio Team, 
2022). For normally distributed data, parametric tests were used: 
t-tests (paired or independent, as appropriate) and mixed-design 
ANOVA for comparisons involving more than two groups or condi
tions. When the normality assumption was violated, nonparametric al
ternatives were applied: Wilcoxon signed-rank tests for paired 
comparisons and Wilcoxon rank-sum (Mann–Whitney U) tests for in
dependent samples. Statistical significance was set at p ≤ 0.05.

2.7.1. Neuroimaging-derived statistical analysis

2.7.1.1. Local effects at the stimulation target. To investigate changes in 
brain activity at the stimulation site, we measured neuroimaging- 
derived data from the spatial overlap between the 10 mm-radius ROI 
(centered on the stimulation target) and the selected fMRI activation 
cluster in the targeted region at two time points (pre- and post-NIP). A 
mixed design ANOVA was conducted with group (language vs. non- 
language) as a between-subject factor, and time (pre-NIP vs. post-NIP) 
as within-subject factor, including both groups in the same model. Sig
nificant effects were further examined using post-hoc paired-samples t- 
tests (to assess within-group changes over time) and independent- 
samples t-tests (to compare groups at each time point).

2.7.1.2. Changes in network size. To evaluate changes in the size of task- 
related networks following NIP, suprathreshold activation maps were 
generated from the SPM first-level contrasts using a voxel-wise family- 
wise error–corrected threshold of T > 4.69 (p < 0.01 FWE) and a min
imum cluster extent of k ≥ 30 voxels. Thresholded, binarized maps were 
combined (summed) in FSL (v1.11.0) and then imported into MRIcroGL 
(v1.2.20220720) for volumetric quantification. For each participant, the 
volume (mm³) of the language production and motor networks was 
computed as the number of suprathreshold voxels multiplied by voxel 
volume. A mixed design ANOVA was then performed from this 
neuroimaging-derived data with group (language vs. non-language) as a 
between-subject factor, and network (targeted vs. control) and time 
(pre-NIP vs. post-NIP) as within-subject factors.

2.7.1.3. Descriptive analysis of the language production network. To 
further characterize NIP-related changes in the language production 
network, which was the focus of this investigation, we conducted an 
additional qualitative, case-by-case inspection of fMRI activation pat
terns in the 11 participants assigned to the language group. This 
descriptive assessment allowed us to explore patterns beyond the overall 
amount of activation within the language production network. Given the 
modest sample size and clinical heterogeneity, this qualitative approach 
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was well suited to capturing patient-specific reorganization patterns. 
This analysis complements the quantitative results by describing spatial 
reorganization patterns that cannot be captured by volume-based sta
tistics alone. All qualitative ratings were performed independently by 
two authors (N.B.-B.; A.R.-V.).

2.7.2. Cognitive performance statistical analysis
To examine potential effects of NIP on cognitive performance, sta

tistical analyses were conducted on both language and non-language 
tasks, as previously described in Section 2.2.1. Specifically, paired- 
sample t-tests were used to compare pre- and post-intervention scores 
for each cognitive measure. Language tasks were analyzed to monitor 
changes in the targeted domain, while non-language tasks (i.e visuo
spatial constructional and perceptual abilities) were included to assess 
possible transfer effects beyond language. Measures of central tendency 
and dispersion were reported using the median and interquartile range 
(IQR). Wilcoxon signed-rank tests were used for paired comparisons, 
and Kendall’s tau was used to assess associations between variables.

3. Results

3.1. Topographical changes in functional brain networks

3.1.1. Local effects to the stimulation target
There was a significant interaction between group (language vs. non- 

language) and time (pre- vs. post-NIP) in ROI–activation cluster overlap 
within the language production network, F(1,23) = 4.61, p = .04 (see 
Fig. 3A for an illustrative example), indicating that the change over time 
differed between groups. Post-hoc analyses showed a significant 
reduction in overlap from pre- to post-NIP in the language group, t 
(10) = 5.68, p < .001, d = 1.71, whereas the non-language group 

showed no change, t(13) = 0.50, p = .62, d = 0.14 (Fig. 3.B1). Between- 
group comparisons indicated no baseline difference, t(23) = 0.57, 
p = .57, but a significant group difference emerged post-NIP, t 
(23) = 2.43, p = .02. Analyses focused on the motor network revealed no 
effects of NIP on ROI–activation cluster overlap. In the non-language 
group, stimulation of the motor network did not induce changes in 
ROI–cluster overlap (no main effect of time: F(1,21) = 0.13, p = .72; no 
group × time interaction: F(1,21) = 0.62, p = .44). Similarly, the lan
guage group showed no significant change in overlap within the hand 
motor cluster between pre- and post-NIP, t(9) = − 0.60, p = .56, 
d = − 0.19 (Fig. 3.B2).

3.1.2. Comparison of overall fMRI network size
For the language production network, there was no significant 

interaction between group (language vs. non-language) and time (pre- 
vs. post-NIP) on task-related language production network size, F(1, 
24) = 1.02, p = .32, indicating that volume changes over time did not 
differ between groups. However, there was a main effect of time, with 
network size decreasing from pre- to post-NIP across participants, F(1, 
24) = 5.34, p = .03, consistent with a general reduction in the extent of 
task-related activation over time. Additional illustrations of the activa
tion of language production clusters before and after prehabilitation in 
the language group (language production network) and the non- 
language group (language production network) are provided in the 
Supplementary Material (Figures S1–S2). Analyses of the motor network 
revealed no significant effects on motor network size (main effect of 
time: F(1, 23) = 0.74, p = .40; group × time interaction: F(1, 23) = 0.03, 
p = .87; main effect of group: F(1, 23) = 0.54, p = .47), indicating stable 
motor-network size across time and groups.

Fig. 2. Schematic representation (illustrative example) of the main fMRI-based analyses performed to assess the effects of NIP. A. Local effects analysis: Individ
ualized stimulation targets were identified within pre-NIP task-based fMRI activation clusters for language production (shown in red). A 10mm-radius spherical ROI 
(shown in green) was defined around this peak and later used to evaluate pre/post overlap of functional activation in the same region. B. Comparison of fMRI 
network size: Language-related activation maps from task-based fMRI (phonemic and semantic fluency tasks) were compared before and after the NIP intervention. 
The total number of suprathreshold voxels was computed for each individualized language network (shown in red), providing a quantitative measure of 
network extent.
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3.1.3. Descriptive analysis of overall fMRI language production network 
size

Reorganization patterns were heterogeneous (Table 2). Some par
ticipants showed intra- and/or interhemispheric recruitment, whereas 
others showed localized intrahemispheric shifts or no clear cross- 
hemispheric reorganization. Activation clusters shifted anteriorly, pos
teriorly, or in mixed directions, generally moving away from the tumor. 
Intrahemispheric network volume decreased in most participants (9/ 
11), while interhemispheric volume changes were more variable (see 
Supplementary Material, fMRI language production network results).

3.2. Language and other cognitive domain performance results

Clinical outcomes are presented in Table 3. Language performance 
remained stable in both the language and non-language groups, with no 
significant changes observed (all p’s > 0.05). Furthermore, non- 
language domains, including visuospatial constructional and percep
tual abilities, also showed no significant differences in all groups before 
and after the NIP intervention (all p’s > 0.05).

4. Discussion

This study shows that preoperative NIP combining non-invasive 
neuromodulation (rTMS and/or tDCS) with intensive language 

Fig. 3. A. Example of the activation in fMRI language tasks: Pre vs Post intervention. In yellow the tumor, in red the task-related language network and in green the 
10mm-radius ROI on the stimulation target. Shown here is Case 7 with a right-hemisphere tumor. B1. Comparison of the overlapping of language network within the 
ROI, for the language and non-language group. In both groups the ROI’s localization was within language network. Overall, a significant reduction of the overlapping 
and extent network size is shown in the language group, but not in the non-language group. B2. Comparison of the overlapping of motor network within the ROI, for 
the language and non-language group. In both groups the ROI’s localization was within motor network. The asterisk indicates a significant main effect of Time (pre- 
vs post-NIP) on network size across groups. Asterisks indicate statistical significance levels: * p < 0.05, ** p < 0.01, *** p < 0.001; ns = not significant.

Table 2 
Quantitative description of the language production network in the 11 cases of the language group. For each participant, the table reports intrahemispheric and 
interhemispheric reorganization, direction of displacement, changes in intra- and interhemispheric network volume, and the post-NIP proximity of language-related 
clusters to the tumor. Coding scheme: intrahemispheric/interhemispheric reorganization – Y = present, N = absent; direction of displacement – A = predominantly 
anterior, P = predominantly posterior, M = mixed anterior–posterior; volume change (intra-/interhemispheric) – ↓ = decreased post-NIP, ↑ = increased post-NIP, = =

no relevant change, 0 = no suprathreshold activation; proximity to tumor (post-NIP) – Near = clusters remain close to the peritumoral region, Away = clusters clearly 
displaced from the peritumoral region.

ID Intrahemispheric 
reorganization

Interhemispheric 
reorganization

Direction of 
displacement (post vs. 
pre)

Intrahemispheric volume 
change post-NIP

Interhemispheric volume 
change post-NIP

Post-NIP proximity of 
language production clusters 
to tumor

1 Y Y A ↓ ↓ Away
2 N N A ↓ ↓ Away
3 Y N P ↓ 0 Away
4 Y Y P ↓ ↑ Away
5 Y Y A = ↓ Away
6 Y Y M ↓ ↑ Away
7 Y Y M ↓ ↓ Away
8 N Y M = ↑ Near
9 N N A ↓ ↓ Away
10 N Y P 0 ↑ Away
11 N N A ↓ ↓ Near
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training can modulate the language production network in patients with 
brain tumors. Specifically, we observed a reduction in peritumoral 
language-related activation without comparable effects in the motor 
network, indicating networkspecific reorganization. Importantly, this 
neuromodulation occurred without deterioration in language or broader 
cognitive performance, supporting the capacity of targeted NIP to guide 
selective neuroplasticity prior to surgery.

4.1. Specific reorganization of the language production network through 
NIP

Our neuroimaging results revealed selective modulation of the lan
guage production network in the language-targeted cohort, supporting 
the hypothesis that network-targeted NIP procedures can drive topo
graphically specific reorganization within multimodal functional net
works, with significant translational relevance in brain tumor surgery. In 
this study, we observed a consistent reduction in the spatial extent of 
fMRI activation clusters within the NIBS target region, which was 
defined based on individual critical fMRI language maps, supporting 
successful topographical reorganization of the language production 
network. Indeed, the combination of local fMRI signal reduction and 
preserved performance is consistent with adaptive neuroplasticity 
mechanisms described in prior work, where stimulation of critical areas 
is associated with compensatory recruitment of alternative, structurally 
preserved regions (Hartwigsen, 2021; Nieberlein et al., 2023).

Notably, the imaging changes following NIP were specific to the 
targeted language production network, as confirmed by control analyses 
(Momi et al., 2021a; 2021b). Because stimulation was combined with 
language training that engages the same network, the relative contri
bution of each component cannot be disentangled. Nevertheless, the 
observed reduction in peritumoral language production activation and 
the broader topographical reorganization within the network are 
consistent with the goals of prehabilitation: decreasing reliance on 
vulnerable cortex adjacent to the tumor while preserving function 

(Boccuni et al., 2023).

4.2. Reorganization patterns in fMRI activation maps

The ROI analysis identified a significant reduction in peritumoral 
language production activation following NIP, representing the primary 
effect of the intervention. Descriptive analyses further suggested redis
tribution of activation away from peritumoral regions, with heteroge
neous intra- and interhemispheric patterns across participants. Although 
exploratory, these changes are consistent with mechanisms of remap
ping, functional unmasking (Pascual-Leone et al., 2005), and compen
satory recruitment reported in brain tumor populations (Duffau, 2005). 
Together, these findings extend prior evidence of tumor-related network 
reorganization (Aerts et al., 2016; Morell et al., 2022; Manso-Ortega 
et al., 2023) by indicating that neuromodulation combined with 
training may further modulate language production network 
topography.

4.3. Multimodal vs. unimodal network responsiveness to NIP

In the present study, we observed that multimodal or higher-order 
networks, such as the language production network, are differentially 
modulated compared with unimodal or low-order sensorimotor systems. 
A key theoretical implication is that multimodal association networks 
may be particularly amenable to targeted neuromodulation and topo
graphical reorganization, likely due to their distributed cortical archi
tecture. The language network integrates information across multiple 
cortical regions, whereas primary motor networks are more spatially 
constrained and somatotopically organized (Yeo et al., 2011; Mesulam, 
1998; Duffau, 2014). Recent evidence supports this distinction: hierar
chical neurodevelopment prolongs plasticity windows in association 
cortices, enabling sustained flexibility in multimodal regions (Sydnor 
et al., 2021), and neocortical gradients reveal tighter structur
e–function coupling in unimodal areas versus more flexible alignment in 

Table 3 
Overall cognitive outcomes before and after NIP. Values are presented as mean (standard deviation), p-value, and bootstrap 95% confidence interval for the within- 
group pre–post change. Change scores were computed as post-NIP minus pre-NIP values; therefore, positive values indicate higher scores after NIP. Bootstrap con
fidence intervals refer to the mean change and were estimated using paired, subject-level resampling with 5,000 bootstrap resamples and the percentile method. Note: 
p-values were obtained using two-sided Wilcoxon signed-rank tests for paired comparisons of pre- and post-NIP scores within each group and were not adjusted for 
multiple comparisons. NA = p-value could not be computed due to absence of variability, as pre- and post-NIP scores were identical. Abbreviation: TB-R = Barcelona 
Test–Revised.

Whole cohort (n = 26)

Language group (n = 11) Non-language group (n = 15)

Clinical assessment, cognitive 
function

Mean (SD) Pre Mean (SD) Post p-value* Bootstrap 
95% CI

Mean (SD) Pre Mean (SD) 
Post

p-value* Bootstrap 
95% CI

TB-R (conversation and 
narration)

7.64 (1.21) 7.64 (1.21) NA [0, 0] 8.00 (0) 8.00 (0) NA [0, 0]

TB-R (thematic narration) 5.73 (0.9) 5.55 (1.04) 1.00 [-0.55, 0] 5.87 (0.35) 6.00 (0) 0.35 [0, 0.36]
TB-R (picture description) 5.64 (0.92) 5.91 (0.3) 0.37 [0, 0.64] 5.73 (0.59) 5.93 (0.27) 0.37 [0, 0.54]
TB-R (verbal word repetition) 9.36 (2.11) 9.55 (1.21) 1.00 [-0.27, 0.82] 9.87 (0.52) 10.00 (0) 1.00 [0, 0.46]
TB-R (verbal naming) 5.73 (0.9) 5.91 (0.3) 1.00 [0, 0.55] 6.00 (0) 6.00 (0) NA [0, 0]
TB-R (verbal comprehension) 15.27 (1.85) 16 (0) 0.37 [0, 1.82] 15.6 (1.3) 16.00 (0) 1.00 [0, 1.15]
TB-R (reading comprehension) 7.82 (0.6) 7.82 (0.41) 1.00 [-0.27, 0.27] 8.00 (0) 8.00 (0) NA [0, 0]
TB-R (automatic language) 

Forward 
Reverse

2.73 (0.90) 
2.6 (0.97)

2.73 (0.90) 
2.82 (0.41)

1.00 
1.00

[0, 0.82] 
[0, 0.6]

2.78 (0.8) 
2.79 (0.8)

2.79 (0.8) 
2.71 (0.83)

NA 
NA

[0, 0] 
[0, 0]

TB-R (verbal repetition) Syllabes 
Logatomes 
Sentences

8.00 (0) 7.36 (2.11) 
55 (16.58)

8.00 (0) 
7.46 (1.81) 54.82 
(17.19)

NA 1.00 
1.00

[0, 0] 
[0, 0.27] 
[-0.55, 0]

8.00 (0) 8.00 (0) 
60.00 (0)

8.00 (0) 
8.00 (0) 
56.3 
(13.39)

NA NA 
1.00

[0, 0] 
[0, 0] 
[0, 12]

TB-R (naming) 
Visuoverbal naming Naming 
completion

13.81 (0.41) 
5.72 (0.9)

13.55 (1.21) 
5.82 (0.6)

0.59 
1.00

[-0.91, 0.18] 
[0, 0.27]

13.47 (2.7) 
6.00 (0)

14.00 (0) 
6.00 (0)

NA 
NA

[0, 0] 
[0, 0]

TB-R (visuospatial attention) 28.00 (0) 28.00 (0) 1.00 [-0.75, 0] 27.93 (0.27) 27.92 
(0.29)

1.00 [-0.25, 0]

WAIS-IV blocks 
(visuoconstruction)

31.82 (11.52) 33.9 (9.24) 0.32 [-1.27, 5.64] 37.27 (17.2) 40.27 
(20.17)

0.09 [0.13, 
5.29]
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transmodal regions, facilitating reconfiguration after perturbation 
(Vázquez-Rodríguez et al., 2019). Stimulation mapping further dem
onstrates greater excitability and inter-network integration in 
higher-order systems (e.g., language, default mode) compared to 
sensorimotor networks (Momi et al., 2025), with rapid short-term 
reorganization observed following neuromodulation (Hartwigsen 
et al., 2017). Consistent with these frameworks, language-targeted NIP 
in our study produced measurable network-specific reorganization, 
whereas motor-targeted NIP (which can also entail potential neural and 
clinical effects) did not produce similar modulations measurable with a 
10 mm ROI and whole-network size. This pattern observed in our data 
aligns with models of high-order plasticity mechanisms and is consistent 
with the notion that multimodal systems exhibit higher network plas
ticity and greater flexibility for reconfiguration following perturbation, 
while unimodal systems show greater functional stability and constraint 
(Gatica et al., 2025; Cramer et al., 2011).

4.4. Targeted neuromodulation and language production network 
plasticity

Selective reorganization of the language production network 
following NIP is consistent with models of experience-dependent plas
ticity, in which repeated modulation combined with task engagement 
promotes redistribution within large-scale networks. The multi-session, 
individually targeted stimulation approach used here aligns with prior 
evidence showing that repeated neuromodulation can reinforce plastic 
changes and enhance network reorganization over time (Klooster et al., 
2023; Maeda et al., 2000; Wang et al., 2014; Liu et al., 2018; Lefaucheur 
et al., 2020). Given the known variability in neuromodulation outcomes 
(López-Alonso et al., 2014; Hamada & Rothwell, 2015; Perellón-Alfonso 
et al., 2018), personalized targeting and repeated sessions appear 
particularly important for achieving reliable network-level effects. 
These approaches may help stabilize network reorganization and ensure 
meaningful clinical benefits (Maeda et al., 2000; Klooster et al., 2023). 
Notably, in our study modulation was observed despite tumor–brain 
crosstalk and anatomical constraints (Ghinda, Wu & Duffau, 2023), 
suggesting that TMS and tDCS can influence functional organization 
even in structurally compromised systems (Boccuni et al., 2024a; 
2024b). Our findings suggest that NIP may facilitate reorganization 
process and presumably support a more favorable network configura
tion ahead of surgery.

4.5. Language production network modulation and functional 
preservation across NIP intervention

Neuroimaging effects were confined to the targeted language pro
duction network, with no evidence of modulation in non-targeted sys
tems. Both between-subject comparisons and within-subject controls 
confirmed this network specificity. These observations align with prior 
NIBS studies demonstrating that modulation of specific neural nodes on 
concrete brain networks can induce specific effects within these brain 
networks, which can be captured with functional neuroimaging tech
niques (i.e., Abellaneda-Pérez et al., 2019; Momi et al., 2021b; Wang 
et al., 2014). The use of targeted, functionally unrelated regions (i.e. 
motor) as control conditions aligns with strategies previously described 
in the literature, as those outlined by Hartwigsen (2016) on the possi
bility of stimulating neighboring or contralateral regions that are not 
expected to contribute to the task under investigation, to control for 
unspecific effects while preserving anatomical and procedural compa
rability across groups.

Interestingly, our observations indicated a general reduction in the 
overall size of task-related activation across both groups, without 
measurable decline in language or broader neuropsychological perfor
mance. Because participants completed identical fMRI tasks at two time 
points, this pattern may partly reflect task repetition or familiarity ef
fects, consistent with the phenomenon of repetition suppression (Gobel 

et al., 2011; Ewbank et al., 2011). The phenomenon of repetition sup
pression refers to reduced neuronal activation upon repeated exposure 
to the same stimulus, indicating a refined engagement of neural re
sources, rather than a loss of function (Stam et al., 2021; Lee, Henson, & 
Lin, 2020; Barron et al., 2016; Vannini et al., 2012). However, this po
tential interpretation should be considered cautiously. The verbal 
fluency tasks were performed covertly to minimize speech-related head 
motion during fMRI acquisition, constraining the collection of 
in-scanner behavioral performance. Therefore, although a repetition 
suppression-like phenomenon may likely account for the observed ef
fects, other phenomena, namely habituation and automatization, may 
also have contributed to the reduced activation (Mohr et al., 2016; 
Kirwan et al., 2020).

4.6. Network plasticity in a preoperative context

These findings indicate that network plasticity remains accessible in 
brain tumor patients and can be modulated through targeted neuro
modulation combined with training. The integration of NIBS and neu
roimaging may therefore provide a framework for guiding adaptive 
reorganization prior to surgery (Zhang et al., 2021; Pi et al., 2019; Voss 
et al., 2010). Preservation of language and non-language performance 
suggests that such modulation can occur without behavioral compro
mise, a critical consideration in brain tumor patients vulnerable to 
crowding effects or maladaptive reorganization (François et al., 2019; 
Martínez-Lozada et al., 2025).

5. Limitations

The first limitation of this study was that the data comes from a phase 
1 clinical trial and from a previous pilot phase (Boccuni et al., 2023), 
conducted as a case series without a control group. To mitigate this 
limitation, we implemented internal control strategies: non-targeted 
networks served as controls to verify that the observed effects were 
specific to the targeted system. Additionally, the sample size was small, 
particularly after stratification into language and non-language groups. 
Recruitment for preoperative neuromodulation protocols in brain tumor 
patients is inherently challenging due to clinical and logistical con
straints. Moreover, the cohort was clinically heterogeneous, reflecting 
variability in tumor location, tumor characteristics, and baseline patient 
clinical status. These factors limit the generalizability of the findings and 
reinforce the need to interpret the present results as a proof-of-concept. 
Another important limitation concerns the inability to disentangle the 
relative contributions of neuromodulation and intensive language 
training. Because stimulation was systematically paired with training, 
their independent effects cannot be isolated. It is plausible that the local 
reduction of activation near the stimulation target was primarily driven 
by neuromodulation, whereas the broader topographical redistribution 
observed in descriptive analyses may reflect training-related influences. 
A further limitation is that behavioral performance during the covert 
verbal fluency fMRI tasks was not recorded in the scanner. Although this 
design minimized speech-related head motion, it limits the interpreta
tion of pre–post changes in task-related BOLD activation. In addition, 
although an auditory comprehension task was acquired, scanner-related 
hearing difficulties reduced task engagement during the language 
comprehension blocks, thereby compromising the reliability of the 
resulting fMRI activation maps. These maps were therefore not included 
in the present analysis. This represents a limitation given the clinical 
relevance of language comprehension, which should be addressed in 
future studies through technical optimization of MRI research settings. 
The observed ceiling effects in the language and cognitive assessments 
are plausibly attributable to the limited sensitivity of the neuropsycho
logical tests employed. These ceiling effects may have reduced the 
sensitivity to detect subtle post-intervention changes. As a statistical 
approach to improve the interpretation of these potentially constrained 
behavioral changes, we complemented the paired pre–post comparisons 
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with non-parametric bootstrap confidence intervals for the estimated 
within-group change scores. Nevertheless, future studies should incor
porate more refined and sensitive language evaluation tools to better 
capture subtle behavioral changes. Finally, the present study was 
designed as a mechanistic investigation focused specifically on 
short-term fMRI and behavioral changes induced by NIP, based on pre- 
and post-NIP assessments. Therefore, postoperative outcomes were 
beyond the scope of the current manuscript. Future investigations 
should examine postoperative language outcomes and their longitudinal 
relationship with post-NIP fMRI and behavioral changes to determine 
whether NIP-related reorganization translates into sustained post
surgical language preservation in the long term.

6. Conclusions

In conclusion, our findings suggest that preoperative NIP may 
contribute to selectively reorganize the language production network in 
brain tumor patients while preserving language and cognitive perfor
mance. The absence of modulation in non-targeted networks supports 
the specificity of this effect. This targeted modulation highlights the 
potential to guide adaptive neuroplasticity prior to surgery, potentially 
reducing functional constraints and supporting safer, more extensive 
resections in language-critical regions. However, given the exploratory 
nature of the study, its small sample size, and the notable heterogeneity 
in tumor location and patient characteristics, these results should be 
interpreted with caution as preliminary, proof-of-concept data.
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odology, Investigation. Núria Bargalló: Software, Methodology, 
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Bargalló, N., Santarnecchi, E., Pascual-Leone, A., Bartrés-Faz, D., 2019. Age-related 
differences in default-mode network connectivity in response to intermittent theta- 
burst stimulation and its relationships with maintained cognition and brain integrity 
in healthy aging. NeuroImage 188, 794–806. https://doi.org/10.1016/j. 
neuroimage.2018.11.036.
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