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Simple Summary

When comparing the cortico-spinal tract between the grossly affected and unaffected
hemispheres in the supratentorial compartment, tumour presence significantly reduced
cortico-spinal tract volume and prolonged the cortical silent period (indicating intracor-
tical inhibition) when compared to the unaffected hemisphere. In addition, structural
connectomes with regard to the cortico-spinal tract in motor-eloquent brain tumours have
been shown to maintain the global network topology in the cortices but alter and induce
hyper-connectivity in the subcortices and especially in the basal ganglia motor loop. IDH
mutant and slow-growing tumours were found to generate significantly more organized
hyperconnected networks than the IDH-wildtype tumours.

Abstract

Background: Brain tumours impose complex, spatially heterogeneous disturbances on
neural circuits that extend far beyond the immediate lesion site. While gross anatomical
displacement of the cortico-spinal tract (CST) has been extensively studied, the topological
reorganization of the functionally informed structural connectome—and its dependence
on tumour molecular phenotype—remains incompletely understood. Objectives: This
study aimed to characterize upper-limb functionally informed network topology in brain
tumour patients, identify histological and molecular patterns of structural reorganization
at the cortical and subcortical level, and determine the impact on neurophysiological
parameters. Methods: Forty-eight patients with supratentorial motor-eloquent tumours
(MET’s) underwent diffusion-weighted imaging (DWI) as part of their preoperative motor
mapping. Connectivity matrices based on streamline passing counts were extracted from
426 nodes of the HCPex atlas using DSI Studio® upon seeding the structural connectome
in the motor hotspot (best motor response) for the functional area of the upper limb
identified using preoperative navigated transcranial magnetic stimulation (nNTMS). Paired-
sample t-tests compared tumour versus healthy hemispheres across network topology
metrics. The impact of nTMS-derived excitability metrics—interhemispheric resting motor
threshold ratio (iRMTr) and cortical silent period (CSP)—and tumour histological and
molecular characteristics on the connectome was assessed. Results: The global network
topology of the tumour hemisphere was preserved when compared to the healthy baseline
hemisphere across all tumour types (p > 0.05). Subcortical analysis revealed significant
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hyper-connectivity in the tumour hemisphere, with elevated degree, strength, clustering
coefficient, local efficiency, and eigenvector centrality (p < 0.05). Basal ganglia motor
loop degree was increased in the tumour hemisphere (mean 7.37 versus 5.19; p = 0.0009).
IDH-mutant tumours generated significantly more topologically organized compensatory
networks than IDH-wildtype tumours (Clustering Coefficient 0.345 versus 0.273; p = 0.018).
Of the cortical nodes on the side of the tumour, significant hyper-connectivity was seen
in the supplementary motor area (p = 0.0011), premotor cortex (Area 6), with increased
connection seen in 6 mp (medial premotor at p =0.0033) and 6 d (dorsal premotor at
p = 0.025) and primary somatosensory cortex (p = 0.027). The presence of the tumour
induced significant changes across all three domains: loss of CST volume (p < 0.001),
prolongation of the cortical silent period indicative of intracortical inhibition (p < 0.0001),
with significant prolongation in glioblastoma versus an oligodendroglioma. Conclusions:
Brain tumours significantly impact the upper limb-centred structural connectome. While
global network topology is preserved, tumours induce substantial subcortical and basal
ganglia network reorganization by inducing compensatory hyper-connectivity. These
findings suggest that structural connectomics offers a novel framework for non-invasive
tumour characterization and surgical planning.

Keywords: brain tumour; structural connectome; diffusion spectrum imaging; subcortical hyper-
connectivity; basal ganglia; transcranial magnetic stimulation; IDH mutation; glioblastoma

1. Introduction

Brain tumours impose substantial neurological burdens whose complexity extends
well beyond the lesion’s anatomical footprint. Despite advances in surgery, radiother-
apy, and systemic treatment, high-grade gliomas still carry a median survival of 14 to
16 months [1], and a central challenge in their management remains the incomplete
understanding of how the tumour reshapes the surrounding neural architecture over
time. Structural MRI describes the lesion itself but not the network-level consequences of
its presence.

The cortico-spinal tract (CST) is the critical efferent structure at risk in supratentorial
tumours, and its preservation is a primary surgical objective in motor-eloquent tumour (MET)
resection [2,3]. However, when CST is structurally compromised due to the presence of the
tumour, the brain may recruit auxiliary networks to maintain functional output. We focus
specifically on the basal ganglia motor loop, which modulates motor programme selection via
cortico-striato-thalamo-cortical pathways, representing the most critical subcortical regulatory
system capable of providing compensatory neuroplasticity to sustain corticomotor drive. The
two ways that this paper will assess the motor network are via graph-theoretic connectome
metrics and transcranial magnetic stimulation (TMS) generated metrics.

Graph-theoretic connectomics derived from diffusion MRI provides a quantitative
framework for examining network topology, including degree, clustering coefficient, be-
tweenness centrality, local efficiency, and small-worldness, beyond the description of
individual tracts (please refer to Table 1 for understanding the meaning of the above termi-
nologies) [4]. These metrics describe the organization of connections rather than just their
magnitude, and there is increasing evidence that they are differentially affected by tumour
biology, growth rate, and adaptive neuroplasticity [5].
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Table 1. Network terminologies.

Network Metric

General Meaning Inference

Degree

The total number of links connected toa  An increased degree means that there are
specific node in the brain extra tracts that are being/have been built

Clustering coefficient

The degree to which a node’s neighbours
connect to each other (forming tightly
knit groups)

High clustering coefficient indicates a
tightly formed group of connections

Betweenness Centrality

The fraction of all the shortest paths in
the network that pass through a
given node

Nodes with high centrality indicate that
they are important relay hubs

Local efficiency

High local efficiency indicates that even
if a node is disrupted, signal relay
continues unaffected

Signal relay in the network despite a
nodal disruption

Small worldness

Combination metric of both clustering Shows overall network resilience and
coefficient and betweenness centrality efficiency in the presence of a tumour

Certain terminologies have been put in bold to ensure that the term stands out from the sentence and
it is not to be confused with general terminology.

Navigated transcranial magnetic stimulation (n'TMS) provides complementary func-
tional information such as localization (motor area identification) and function (motor
system excitability) [6]. Cortical silent period (CSP) and resting motor threshold ratio
(iRMTr) are indicators of intracortical inhibition and corticomotor excitability asymmetry,
respectively [7]. Abnormal nTMS metrics have been associated with higher-grade gliomas
and may be related to worse neurological outcomes after surgery [8].

Connectomics and nTMS, together, allow us to study the understudied structural
network reorganization that is caused by the presence of adult diffuse gliomas. The
2021 WHO Classification stratifies adult diffuse gliomas principally by IDH mutational
status: IDH-mutant tumours and IDH-wildtype glioblastoma [9]. Previous literature
demonstrates that IDH-mutant gliomas, with their indolent growth, allow for compensatory
neuroplasticity and preservation of small-world network efficiency compared to the rapid
destruction seen in IDH-wildtype glioblastomas [10,11].

We hypothesize that differences in tumour growth kinetics and molecular patterns
(specifically IDH mutational status) dictate distinct qualitative and quantitative patterns of
structural network remodelling in the basal ganglia motor loop.

2. Methods
2.1. Participant Demographics and Clinical Assessment

Forty-eight consecutive adult patients with supratentorial METs were enrolled. Navi-
gated transcranial magnetic stimulation (n'TMS) mapping was performed preoperatively to
locate the motor hotspot for the upper limb, as described in previous publications [12,13].
Neurophysiological metrics including the Cortical Excitability Score (CES), resting motor
threshold (RMT) for the upper limb, its interhemispheric ratio (iRMTr) [14], and cortical
silent period (CSP) were obtained. CES have been used to evaluate the disruption of
functional areas (0 = normal, 1 = one functional area affected, 2 = both areas affected). The
interhemispheric resting motor threshold ratio (iRMTr) of the upper limb evaluates how
much magnetic stimulation is required to elicit a motor response. An increased iRMTr
(>1.1) means the tumour-affected motor cortex is harder to excite than the healthy side,
while an iRMTr below 0.9 indicates a decreased threshold. A 10% margin (0.9 to 1.1) was
tolerated as normal [8].

https://doi.org/10.3390/ cancers18182925


https://doi.org/10.3390/cancers18182925

Cancers 2026, 18, 2925 4 0f 15

The network assessed throughout this study was defined as an nTMS-seeded network
for the motor hotspot of the upper limb. The main methodology is described below
in Figure 1.
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Figure 1. Overall methodology and results workflow.

2.2. MRI Acquisition

All patients underwent preoperative MRI on a 3 Tesla scanner (Siemens Aera, Erlangen,
Germany). The protocol included a high-resolution T1-weighted rapid gradient-echo (MPRAGE)
(1 mm3 isotropic voxels, TR = 2300 ms, TE = 2.98 ms), a fluid-attenuated inversion recovery
(FLAIR) sequence, and a T2-weighted sequence (1 mm? isotropic voxels). Diffusion-weighted
imaging used a single-shell protocol (TR: 9500 ms, TE: 86 ms, b = 1500 s/mm?, 64 non-collinear
directions, plus three non-diffusion-weighted volumes, 2.5 mm isotropic voxels, anterior-to-
posterior phase encoding). DSI employs g-space sampling to achieve superior angular resolution,
enabling the resolution of complex fibre geometries. Structural connectomes were generated via
DSI Studio® 2025 using the HCPex Atlas (426 nodes). The connective matrices were generated
utilizing streamline passing counts as the primary edge weight metric.

2.3. Diffusion MRI Preprocessing and Reconstruction

Raw diffusion-weighted imaging (DWI) data were preprocessed using the DSI Studio
pipeline to ensure high data quality for subsequent tractography. Preprocessing included
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correction for susceptibility-induced distortions using FSL’s topup and for eddy current-induced
distortions and subject motion using FSL's eddy, as implemented within DSI Studio. Automated
quality control procedures were applied to detect and exclude slices affected by signal dropout or
excessive motion. The diffusion gradient table (b-table) was subsequently verified and corrected
for proper spatial orientation. Following preprocessing, diffusion data were reconstructed
using generalized g-sampling imaging (GQI), enabling improved resolution of complex fibre
configurations, including crossing fibres, in subcortical white matter.

2.4. Co-Registration and Parcellation

T1 images were co-registered to the b0 volume of the diffusion data using a rigid-body
transformation. To prevent topological artifacts secondary to the space-occupying lesion
and peritumoural oedema, structural masking and cost-function masking techniques were
employed during spatial normalization. Tumour volumes, including solid components and
surrounding FLAIR-hyperintense oedema, were manually segmented on the T1-weighted
MPRAGE and FLAIR sequences.

To parcellate the brain for network analysis, the HCPex 426-node atlas was utilized.
Normalization between the subject’s native diffusion space and the standard MNI tem-
plate was performed utilizing DSI Studio’s nonlinear diffeomorphic registration algorithm
(QSDR). The overlapping of the HCPex parcels onto each subject’s native anatomy was
manually inspected. Subjects exhibiting poor quality registrations, where the atlas parcels
significantly mismatched the underlying cortical ribbons or deep grey matter boundaries
due to uncompensated tumour volume, were discarded from the final connectomic analysis
to prevent the introduction of topological artifacts.

2.5. Tractography and Connectome Construction

Whole-brain deterministic fibre tracking was performed in DSI Studio with the follow-
ing parameters: angular threshold 60 degrees, step size half the voxel size (1.25 mm), QA
termination threshold 0.05, smoothing 0.5, minimum streamline length 30 mm, maximum
length 300 mm, one million seeds placed across the whole brain. Following the generation
of the tractogram, structural connectivity matrices were generated for each subject using
streamline counts as the primary edge weight. The motor hotspot identified on nTMS
was projected onto the cortical surface and used to subset the global matrix: only nodes
reachable from the hotspot (i.e., with at least one streamline traceable to the hotspot region)
were retained, producing the upper-limb functionally informed connectome.

2.6. Subcortical and Basal Ganglia Network Analysis

The broader subcortical motor network, specifically the basal ganglia motor loop
traversing the putamen, globus pallidus, substantia nigra, and ventrolateral thalamus,
modulates motor programme selection via cortico-striato-thalamo-cortical pathways. To
evaluate network alterations specifically within compensatory sub-circuits, these 66 sub-
cortical nodes, and subsequently the 16 deep brain nodes that make up the basal ganglia
motor loop, were isolated and analysed separately.

2.7. Topological Metrics

Six standard graph-theoretic metrics were computed for each network using the
Brain Connectivity Toolbox in MATLAB (MATLAB_R2025a): degree, weighted strength,
clustering coefficient, local efficiency, betweenness centrality, and PageRank centrality. The
weighted clustering coefficient was the primary measure of local network organization [4].
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2.8. TMS Metrics

TMS metrics such as CST volume, cortical silent period, and rest motor threshold were
obtained and analysed in conjunction with the network metrics such as mean connections
per node. Subanalysis was then carried out for each tumour subspecialty.

2.9. Statistical Analysis

All analyses were carried out in MATLAB. To determine the structural impact of
the tumour, each patient’s own contralateral healthy hemisphere was used as an internal
baseline control. Paired-sample t-tests (two-tailed) were employed to compare the mean
network measures of the tumour hemisphere against the healthy hemisphere. Statistical
significance was evaluated at an alpha level of p < 0.05. As this brain network data is rarely
perfectly normally distributed, a Wilcoxon Signed-Rank test (using the signrank function
in MATLAB) was performed.

Given the large number of topological metrics evaluated across different network
scales, a False Discovery Rate (FDR) correction was applied to minimize Type I errors
arising from multiple comparisons. The Benjamini-Hochberg procedure was utilized to
adjust the generated p-values across all the distinct subanalyses. Specifically, FDR correction
was applied independently to the graph-theoretical comparisons across the six topological
metrics within the global cortical network, the 66-node subcortical network analysis, and
the isolated 16-node basal ganglia motor loop analysis. Furthermore, the resulting p-values
from the subgroup analyses stratifying the cohort by histological subtype (glioblastoma,
astrocytoma, oligodendroglioma) and molecular phenotype (IDH-mutant versus IDH-
wildtype) were also subjected to FDR correction. Only results with an FDR-adjusted
p-value of < 0.05 were considered statistically significant.

3. Results
3.1. Demographics and Clinical Characteristics

Forty-eight patients were included (mean age 56.6 + 14.9 years, range 27 to 78;
24 women and 24 men). All 48 patients were right-handed individuals as demonstrated in
Table 2. Exclusion criteria included patients undergoing re-operations and biopsies alone.
Tumours were left-hemispheric in 33 patients (68.7%) and right-hemispheric in 15. The
primary histopathology included glioblastoma (IDH-wildtype, n = 19), oligodendroglioma
(IDH-mutant 1p/19q-codeleted, n = 12), astrocytoma of various grades (IDH-mutant non-
1p/19g-codeleted; n = 11), metastasis (n = 5), and radionecrosis/cyst (n = 1). The WHO
grades included WHO Grade 4 (n = 22), WHO Grade 3 (n = 16), WHO Grade 2 (n = 3) and
WHO Grade 1 (n = 1); the remaining six patients (five metastases and the radionecrosis case)
were not gradable. None of the patients had any motor deficits pre- or postoperatively.

Table 2. Demographics.

Gender Tumour Hemisphere . . . .
WHO Grade n Age (Mean + SD) (Male/Female) (Left/Right) Histopathological Diagnosis
Astrocytoma (1)
Grade 2 3 49.7 +15.6 2/1 1/2 Dbz e Hom ()
Astrocytoma (6)
Grade 3 16 50.0 + 14.7 10/6 11/5 Oligodendroglioma (10)
Grade 4 2 603+ 12.8 11/11 13/9 e
strocytoma (3)
Metastasis (5)
Other Histology 7 62.0 & 14.6 1/6 7/0 Astrocytoma (1)
Other (1)
Total Cohort 18 565 + 145 24/24 32/16 GBM (19), Astro (11), Oligo (12),

Mets (5), Other (1)
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3.2. n”TMS Metrics

In total, 8 patients (16.7%) had a normal CES (score 0), 26 patients (54.2%) had an
abnormal CES affecting one functional area (score 1), and no patients had an abnormal CES
affecting both areas (score 2). Fourteen patients (29.1%) had indeterminate or missing CES
data. In total, 14 patients (29.2%) had an abnormally increased iRMTr (>1.1) on the tumour
side, 16 patients (33.3%) had an abnormally decreased iRMTr (<0.9), and 18 patients (37.5%)
had an iRMTr within the normal range (between 0.9 and 1.1).

3.3. Global Network Topology

Baseline analysis of unaffected control hemispheres demonstrated that physical structural
connectivity is highly symmetric between the left and right hemispheres. Despite the symmetry
between the hemispheres, the healthy left cortex exhibited a significantly higher weighted
betweenness centrality than the right cortex (p < 0.0001), in keeping with the established left-
hemispheric bias in distributed cognitive hubs. Whole-brain network analysis demonstrated
that the presence of the tumour did not significantly alter the global upper-limb informed
connectome across any of the principal metrics (Supplementary Table S1). Although averages
across the whole-brain network did not show significant variation, specific cortical nodes
individually showed significant variations. Of the cortical nodes on the side of the tumour,
significant hyper-connectivity was seen in the supplementary motor area (p = 0.0011), the
premotor cortex (Area 6), with increased connection seen in 6 mp (medial premotor at p = 0.0033)
and 6 d (dorsal premotor at p = 0.025) and the primary somatosensory cortex (p = 0.027).

3.4. Subcortical Network Alteration

When analysis was restricted to the 66 subcortical nodes, the tumour hemisphere
showed consistently higher connectivity metrics than the healthy hemisphere (Table 3),
wherein left-sided tumoural involvement demonstrated higher degrees of significance
across subcortical metrics compared to right-sided tumours, where degree and PageRank
centrality did not reach statistical significance (p = 0.052 and p = 0.051, respectively). The
graph below demonstrates the difference between the cortical and subcortical network
alterations (Figure 2).

To test our hypothesis, further subanalysis of the 16 deep brain nodes was done,
comprising the basal ganglia motor loop, which confirmed significant structural differences
in the tumour hemisphere, with mean connections on the tumour side (7.368) being sig-
nificantly greater than the mean connections on the healthy side (5.186), with a p-value of
0.0009 (Table 4 and Figure 3).

Table 3. Subcortical network alterations (stratified by hemisphere).

Subcortical Tumour Side Healthy Side Tumour Side Healthy Side .
Topology (Left, n = 33) (Right, n = 33) p-Value (Left) (Right, n = 15) (Left, n = 15) p-Value (Right)
Degree (Binary) 2.897 1.584 0.0001 ** 2.817 1.911 0.0516
Strength - x
(Weighted) 2.335 1.337 0.0003 2.294 1.522 0.0353
Clustering Coef. . -~
(Weighted) 0.146 0.099 0.0008 0.139 0.097 0.0448
Local Efficiency 0177 0119 0.0004 ** 0.168 0117 0.0394 **
(Weighted) ’ : . . . .
Eigenvector Cent. . *%
(Weighted) 0.031 0.019 <0.0001 0.028 0.020 0.0346
PageRank Cent. .
(Weighted) 0.0032 0.0026 <0.0001 0.0031 0.0026 0.0508

**—Indicates significant result as p < 0.05.

https://doi.org/10.3390/ cancers18182925


https://doi.org/10.3390/cancers18182925

Cancers 2026, 18, 2925 8 of 15

Cortical Network Subcortical Network
a5 (No Significant Change) - (Hyper-Connectivity, p<0.0001)
o)
9 - -
3 - <
= i | 1
© 25" ] - 1 7h J
k5 e |
. I i 6 1
8 27 | | 1
g | 1 di 1
g i
S15¢ 5 1 al 1
= i
3 - 3t
E 1 - -
B 7 2 1
| o
05 | & 1 1r
o - -
Healthy Hemisphere Tumour Hemisphere Healthy Hemisphere Tumour Hemisphere
Figure 2. Overall cortical network (global cortical network) versus subcortical network divergence
between the healthy and tumour hemispheres.
Table 4. Pathway-specific structural reorganization within the basal ganglia motor loop: mean degree
refers to average number of connections for those specific anatomical nodes.
Basal Ganglia . Mean Degree Mean Degree
Sub-Circuit Anatomical Nodes (Healthy) (Tumour) p-Value
Shared Input Hub Putamen 16.65 18.31 0.3100
Indirect Pathway GPe, STN 9.84 12.30 0.0882
Direct Pathway GPi, SNpr 493 7.76 0.0009 **
Shared Output Hub Motor Thalamus 1.15 3.52 <0.0001 **

**—Indicates significant results with p value < 0.05.

Structural Hyper-Connectivity in the

Basal Ganglia Motor Loop
T

p = 0.0009

16 -

14

12 -

10 —

Mean Physical Connections per Node

I
I
L 1

Healthy Baseline Tumour Hemisphere

Figure 3. Structural hyper-connectivity specific to the basal ganglia motor loop—p= 0.0009.

https://doi.org/10.3390/ cancers18182925


https://doi.org/10.3390/cancers18182925

Cancers 2026, 18, 2925

9of 15

To understand the basal ganglia motor loop and the components of the motor loop,
a further subanalysis was performed based on the diagram of the various components
shown below (Figure 4).

Cortex

Striatum

Thalamus

GPe

>—b Excitatory synapse GPi
>—— Inhibitory synapse

Direct pathway

facilitates movement

Indirect pathway

inhibits movement

SNc STN

Figure 4. Pathway-specific structural reorganization within the basal ganglia motor loop (GPi and
SNpr pathways show significant hyper-connectivity, p = 0.0009).

Further subanalysis of the basal ganglia hyper-connectivity (Table 5) showed that there
is a significant increase in the specific output nuclei of the direct pathway in the tumour
hemisphere (GPi and SNpr; p = 0.0009) in comparison to the indirect pathway, which did
not show any significant increase (p = 0.0882). The entry point of the signal from the cortex,
the putamen, did not exhibit rewiring, but the output nuclei of the thalamus (p < 0.0001),
prior to sending signals to the motor cortex, showed significant rewiring.

Table 5. Network quality and histological grading.

Pathology/Histology Clinical Growth Profile Basal Ganglia Motor Loop Clustering Network Quality
Oligodendroglioma Indolent/Slow 0.372 Highly Organized /Efficient
Astrocytoma Variable/Intermediate 0.331 Moder.ately
Organized
Glioblastoma Highly Aggressive/Fast 0.274 Low efficiency

3.5. Network Organization by Histology

Glioblastomas and oligodendrogliomas both showed significant subcortical and basal
ganglia hyper-connectivity (p = 0.011 and p = 0.004, respectively). Astrocytomas showed
an increase in subcortical hyper-connectivity but not significantly within the basal ganglia
motor circuit. Within the basal ganglia loop, the weighted clustering coefficient differed
between oligodendroglioma (mean 0.372) and glioblastoma (mean 0.274), with intermediate
values for astrocytoma (0.331); the difference between oligodendroglioma and glioblastoma
was significant for both clustering coefficient (p = 0.006) and local efficiency (p = 0.007)
(Figure 5 and Table 5).
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Figure 5. Basal ganglia motor loop clustering coefficient stratified by tumour growth velocity
(oligodendroglioma vs. glioblastoma)—p = 0.0066.

ANOVA revealed no significant difference in basal ganglia network clustering based
on the lobar location of the tumour, indicating that the observed variations in topological
clustering are driven by the tumour’s molecular biology rather than anatomical location.

3.6. Tumour Genetics and Network Plasticity

The IDH-mutant cohort exhibited tightly clustered, highly organized local motor
sub-circuits (0.345 & SD 0.082), whereas the IDH-wildtype cohort exhibited significantly
poorer network organization (0.273 =+ SD 0.091; p = 0.0178), and this is demonstrated
in Figure 6.
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Figure 6. Network organization (clustering) differences based strictly on IDH mutational status—p = 0.0178.
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3.7. TMS Metrics and Connectivity

This study evaluated the impact of brain tumours on the motor system across three
distinct modalities: macro-anatomy (CST volume), neurophysiology (TMS-derived CSP),
and network topology (DSI structural connectivity). The presence of the tumour induced
significant changes across two domains: loss of CST volume (p < 0.001) and prolongation
of the cortical silent period indicative of intracortical inhibition (p < 0.0001). Figure 7 shows
the graphical distribution of CSP in tumours versus healthy hemispheres.

Physiological Intracortical Inhibition:
Cortical Silent Period (CSP) Prolongation
T T

aso0 | P < 0.0001

+

Cortical Silent Period Duration (ms)

100 - H -

50 |

R —

o "
Healthy Baseline Tumour Hemisphere

Figure 7. Prolongation of the cortical silent period (CSP) in the tumour hemisphere—p < 0.0001.
Subanalysis based on histology revealed that the cortical silent period (CSP) was
significantly prolonged in glioblastoma and oligodendrogliomas in the tumour hemisphere

compared to astrocytomas, as shown in Table 6. There were not enough patients with
metastasis in the analysis to determine significance.

Table 6. CSP prolongation and correlation with tumour subtype.

Histology Group n Mean CSP Healthy Side = Mean CSP Tumour Side  p-Value
Glioblastoma (WHO Grade 4) 19 81.1 ms 124.6 ms 0.0303
Oligodendroglioma (WHO Grade 2/3) 12 57.2 ms 99.0 ms 0.0028
Astrocytoma (WHO Grade 2/3/4) 11 93.9 ms 118.4 ms 0.0749
Metastasis 5 79.4 ms 75.8 ms 0.8246

Spearman correlations between CSP, iRMTr and the magnitude of basal ganglia hyper-
connectivity were not significant (all p > 0.05). Likewise, neither tumour-side cortico-spinal
tract volume nor fractional anisotropy correlated with the size of the direct-pathway or
thalamic upregulation.

4. Discussion

This study describes how motor-eloquent tumours reshape the structural connectome
anchored to the upper-limb motor hotspot. While traditional neurosurgical risk assessment
focuses on the gross anatomical displacement of the cortico-spinal tract (CST), our findings
demonstrate that functional adaptation occurs via targeted topological reorganization
deep within the subcortex. Beneath a preserved global network topology, tumours induce
substantial subcortical compensatory hyper-connectivity, particularly within the basal
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ganglia. This structural plasticity is not a random response to neoplasia, but the topological
quality of this network reorganization is deeply stratified by the tumour’s molecular biology,
specifically its IDH mutational status. A notable finding within the healthy hemisphere
analysis was significant left-lateralization of betweenness centrality, consistent with left-
hemispheric dominance in language and praxis hub networks [15], validating the sensitivity
of the methodology.

This is consistent with principles of complex network resilience: a spatially circumscribed
tumour represents a localized perturbation within a distributed, redundant network of hundreds
of nodes, and global summary metrics are therefore insensitive to its presence [10]. This in
turn implies that whole-brain average tractographic metrics are poor candidates to assess
tumour-related impact on the connectome, as localized subcortical changes are obscured by
averaging [16] and hence region-specific analysis is therefore essential.

Looking at tractographic metrics, co-elevation of degree, clustering and local efficiency
suggests that new connections are integrated into clustered local sub-circuits rather than
scattered randomly. This is consistent with directed reorganization of networks [2]. The
concurrent increase in eigenvector centrality indicates that these hyperconnected nodes are
preferentially attaching to other highly connected nodes, further reinforcing subcortical
motor hub resilience [17,18]. In addition to the above, we have seen the hyper-connectivity
in the supplementary motor area, premotor cortex and somatosensory cortex as well, indi-
cating compensatory neuroplasticity [19]. It has been demonstrated that the sensorimotor
network actively undergoes topological reorganization to participate in functional motor
compensation in patients with gliomas [20].

Upon isolating the individual nodal components of the basal ganglia motor loop,
we identified a highly pathway-specific compensatory mechanism. Structural hyper-
connectivity in the tumour hemisphere was driven almost entirely by the selective up-
regulation of the excitatory direct pathway (GPi and SNpr) and the motor thalamic relay
hubs, while the inhibitory indirect pathway (GPe) demonstrated no statistically significant
topological alteration. This suggests that tumour-induced neuroplasticity does not trigger
generalized subcortical sprouting but rather executes a targeted structural enhancement of
the excitatory basal ganglia circuitry to preserve corticomotor drive when the primary CST
is encroached by the tumour [21]. Interestingly, this structural excitatory drive contrasts
with the significant prolongation of the cortical silent period (CSP) observed in glioblas-
tomas and oligodendrogliomas, which indicates a simultaneous physiological increase in
intracortical inhibition.

Basal ganglia clustering coefficient followed an ordering inversely related to tumour
aggressiveness: oligodendroglioma (0.372) > astrocytoma (0.331) > glioblastoma (0.274)
supporting the hypothesis that the time window afforded by slow tumour growth is
a critical determinant of network adaptation quality [22]: indolent tumours allow the
progressive formation of topologically efficient and tightly clustered motor sub-circuits [23],
whilst the rapid, destructive growth of glioblastoma produces quantitatively high but
qualitatively disorganized hyper-connectivity [22].

IDH stratification provided a molecularly precise dissection of the histological find-
ings. Whilst IDH status did not significantly affect the absolute volume of subcortical
hyper-connectivity, it exerted a significant effect on network organization quality [22]. This
dissociation between connectivity quantity and topological quality fits with the broader
observation that IDH-mutant tumours, with their slower growth, less perilesional oedema
and a relatively preserved blood-brain barrier, create a microenvironment that is more
permissive of effective axonal reorganization [24-26]. Clinically, preoperative knowledge of
IDH status may inform expectations of residual motor network resilience following resec-
tion and guide peri-operative motor risk counselling [21]. With the rapid advancement of

https://doi.org/10.3390/ cancers18182925


https://doi.org/10.3390/cancers18182925

Cancers 2026, 18, 2925

13 of 15

non-invasive preoperative molecular imaging techniques, such as radiogenomics, advanced
MRI, and PET scanning [27], identifying the IDH mutation status prior to surgery [28] could
reliably predict the patient’s baseline capacity for functional motor network reorganization.

From a clinical perspective, these network metrics offer insights into neuro-oncological
outcomes. Our analysis revealed no significant difference in basal ganglia network clus-
tering based on the lobar location or side of the tumour, indicating that the tumour’s
molecular biology supersedes its gross anatomical topology in dictating large-scale net-
work rewiring. The tightly clustered, highly organized local motor sub-circuits observed in
indolent, IDH-mutant cohorts represent a new functional reserve in the presence of a tu-
mour. Consequently, these connectomic markers hold substantial promise as non-invasive
survival predictors. Integrating these specific topological metrics via multivariate analysis
could eventually allow for the generation of ROC curves, creating predictive models to
individualize peri-operative risk counselling and forecast both postoperative motor deficit
trajectories and overall survival.

Limitations and Future Directions

Several limitations must be acknowledged. The cohort size of 48 patients limits sub-
group analyses, particularly for metastasis (n = 5) and for IDH-stratified comparisons.
Second, single-shell GQI tractography is inherently susceptible to tumour-related oedema
and susceptibility artefacts in perilesional tissue. While we attempted to overcome some of
these limitations with the isolated healthy hemisphere internal control analysis, this paired
design assumes baseline hemispheric connectivity symmetry, an assumption partially
validated but not fully confirmed across all metrics. Future studies should aim to repro-
duce these findings with other algorithms for tractography, such as constrained spherical
deconvolution or probabilistic algorithms, to ensure robustness. The reliance on a single
tractography algorithm is a limitation, as different tracking methods can yield significantly
variable connectomic reconstructions [29]. Validation by other research groups and the
inclusion of TMS mapping for the lower limb, despite a historically lower success rate
given the functional area’s location within the interhemispheric fissure [30], are also crucial
next steps.

The reliance on a single deterministic tractography algorithm is a significant limita-
tion, as different tracking methods (e.g., probabilistic vs. deterministic) and algorithms
(e.g., constrained spherical deconvolution) can yield significantly variable connectomic
reconstructions. While the use of the contralateral healthy hemisphere as an internal con-
trol is a robust strategy to mitigate inter-subject variability, the design assumes baseline
hemispheric connectivity symmetry. While partially validated by findings in the healthy
cohort, this assumption of perfect baseline symmetry is not universally confirmed across
all topological metrics. Future efforts are required for the inclusion of nTMS mapping for
the lower limb to complement the upper-limb data, particularly given the functional area’s
challenging anatomical location within the interhemispheric fissure.

5. Conclusions

Motor-eloquent brain tumours drive a targeted reorganization of the functionally
informed structural connectome that extends far beyond local anatomical displacement.
The reorganization is concentrated in the excitatory direct pathway and motor thalamic
relay, is mirrored by prolongation of the cortical silent period in glioblastoma and oligoden-
droglioma, and is shaped by the tumour’s molecular phenotype: IDH-mutant tumours are
associated with more orderly compensatory networks than IDH-wildtype glioblastomas.
nTMS-seeded structural connectomic profiling is feasible in routine preoperative planning
and adds biologically interpretable information about the tumour-affected motor network.
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Ultimately, integrating graph-theoretic connectomics with preoperative functional
mapping offers a novel non-invasive framework in neuro-oncology. It not only deepens our
understanding of tumour-induced hodotopical plasticity but may also provide clinicians
with patient-specific network profiles to decode tumour aggressiveness, predict residual
motor resilience, and individualize peri-operative surgical counselling.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/cancers18182925/s1: Table S1: Global network topology (whole-
brain average).

Author Contributions: Conceptualization, S.P. (Sankhya Prakashvel) and J.P.L.; methodology, S.P.
(Sankhya Prakashvel), A.D.-B. and ].P.L.; software, S.P. (Sabina Patel); validation, E.S. and L.F. and
Y.A.C; formal analysis, S.P. (Sankhya Prakashvel), A.M.-P. and J.P.L.; investigation, S.P. (Sankhya
Prakashvel); resources, M.A., N.K., A.P.; data curation, S.P. (Sankhya Prakashvel), Y.A.C.; writing—
original draft preparation, S.P. (Sankhya Prakashvel); writing—review and editing, ].PL., ES., L.E,
FF. and A.D.-B,; visualization, S.P. (Sankhya Prakashvel); supervision, ]. PL., K.A., R.B., EV,; project
administration, S.P. (Sabina Patel); All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted in accordance with the Declara-
tion of Helsinki and approved by the Institutional Review Board (King’s College Hospital-341748,
approved on 2 February 2025).

Informed Consent Statement: Informed consent was obtained from all subjects involved in
the study.

Data Availability Statement: The data supporting the reported results can be requested from the
corresponding author.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Brown, N.F; Ottaviani, D.; Tazare, J.; Gregson, J.; Kitchen, N.; Brandner, S.; Fersht, N.; Mulholland, P. Survival Outcomes and
Prognostic Factors in Glioblastoma. Cancers 2022, 14, 3161. [CrossRef]

2. Duffau, H. Brain plasticity and tumors. Adv. Tech. Stand. Neurosurg. 2008, 33, 3-33. [CrossRef]

3. Chowdhury, Y.A.; Gullan, R.; Ashkan, K.; Vergani, F; Bhangoo, R.; Lavrador, J.P. Structural versus Functionally-informed
Supratotal Resection: Where do we stand? Brain Spine 2025, 5, 104398. [CrossRef]

4. Rubinov, M.; Sporns, O. Complex network measures of brain connectivity: Uses and interpretations. Neuroimage 2010, 52,
1059-1069. [CrossRef]

5. Watson, S.S.; Duc, B.; Kang, Z.; de Tonnac, A.; Eling, N.; Font, L.; Whitmarsh, T.; iMAXT Consortium; Bodenmiller, B.; Hausser,
J.; et al. Microenvironmental reorganization in brain tumors following radiotherapy and recurrence revealed by hyperplexed
immunofluorescence imaging. Nat. Commun. 2024, 15, 3226. [CrossRef]

6. Pescador, AM.; Lavrador, J.P.; Baamonde, A.D.; Soumpasis, C.; Ghimire, P.; Mosquera, ].D.S.; Fiandeiro, C.; Jones, H.; Gosavi, S.;
Lejarde, A.; et al. Cortical resting motor threshold difference in asleep-awake craniotomy for motor eloquent gliomas: WHO
grading influences motor pathway excitability. Cereb. Cortex 2024, 34, bhad493. [CrossRef]

7. Paci, M.; Di Cosmo, G.; Perrucci, M.G.; Ferri, F.; Costantini, M. Cortical silent period reflects individual differences in action
stopping performance. Sci. Rep. 2021, 11, 15158. [CrossRef]

8. Rosenstock, T.; Grittner, U.; Acker, G.; Schwarzer, V.; Kulchytska, N.; Vajkoczy, P; Picht, T. Risk stratification in motor area-related
glioma surgery based on navigated transcranial magnetic stimulation data. . Neurosurg. 2017, 126, 1227-1237. [CrossRef]

9. Leclerc, A.; Roux, A.; Elia, A.; Peeters, S.; Aboubakr, O.; Bedioui, A.; Planet, M.; Benzakoun, J.; Simboli, G.A.; Tauziede-Espariat,
A.; et al. Radiographic growth rate as a predictor of aggressiveness of diffuse gliomas without 1p19q codeletion. Neurosurg. Focus.
2024, 56, E4. [CrossRef]

10. Aerts, H.; Fias, W.; Caeyenberghs, K.; Marinazzo, D. Brain networks under attack: Robustness properties and the impact of

lesions. Brain 2016, 139, 3063-3083. [CrossRef]

https:/ /doi.org/10.3390/ cancers18182925


https://www.mdpi.com/article/10.3390/cancers18182925/s1
https://www.mdpi.com/article/10.3390/cancers18182925/s1
https://doi.org/10.3390/cancers14133161
https://doi.org/10.1007/978-3-211-72283-1_1
https://doi.org/10.1016/j.bas.2025.104398
https://doi.org/10.1016/j.neuroimage.2009.10.003
https://doi.org/10.1038/s41467-024-47185-9
https://doi.org/10.1093/cercor/bhad493
https://doi.org/10.1038/s41598-021-94494-w
https://doi.org/10.3171/2016.4.jns152896
https://doi.org/10.3171/2023.11.focus23648
https://doi.org/10.1093/brain/aww194
https://doi.org/10.3390/cancers18182925

Cancers 2026, 18, 2925 15 of 15

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Martinez Lozada, P.S.; Neira, J.P.; Leon-Rojas, ].E. From Tumor to Network: Functional Connectome Heterogeneity and Alterations
in Brain Tumors-A Multimodal Neuroimaging Narrative Review. Cancers 2025, 17, 2174. [CrossRef]

Lavrador, J.P; Kandeel, H.; Patel, S.; Jung, J.; Acharya, S.; Giamouriadis, A.; Ashkan, K.; Bhangoo, R.; Vergani, F. Navigated
Transcranial Magnetic Stimulation in Patient with Cranioplasty in Situ: Safe and Accurate Procedure. World Neurosurg. 2019, 122,
176-179. [CrossRef]

Krieg, S.M.; Lioumis, P.; Makela, J.P.; Wilenius, J.; Karhu, ].; Hannula, H.; Savolainen, P.; Lucas, C.W.; Seidel, K.; Laakso, A.; et al.
Protocol for motor and language mapping by navigated TMS in patients and healthy volunteers; workshop report. Acta Neurochir.
2017, 159, 1187-1195. [CrossRef]

Rosenstock, T.; Giampiccolo, D.; Schneider, H.; Runge, S.J.; Bahrend, I.; Vajkoczy, P.; Picht, T. Specific DTI seeding and diffusivity-
analysis improve the quality and prognostic value of TMS-based deterministic DTI of the pyramidal tract. Neuroimage Clin. 2017,
16, 276-285. [CrossRef]

Gotts, S.J.; Jo, H.J.; Wallace, G.L.; Saad, Z.S.; Cox, R.W.; Martin, A. Two distinct forms of functional lateralization in the human
brain. Proc. Natl. Acad. Sci. USA 2013, 110, E3435-E3444. [CrossRef]

Fekonja, L.S.; Wang, Z.; Cacciola, A.; Roine, T.; Aydogan, D.B.; Mewes, D.; Vellmer, S.; Vajkoczy, P; Picht, T. Network analysis
shows decreased ipsilesional structural connectivity in glioma patients. Commun. Biol. 2022, 5, 258. [CrossRef]

Lohmann, G.; Margulies, D.S.; Horstmann, A.; Pleger, B.; Lepsien, J.; Goldhahn, D.; Schloegl, H.; Stumvoll, M.; Villringer, A.;
Turner, R. Eigenvector centrality mapping for analyzing connectivity patterns in fMRI data of the human brain. PLoS ONE 2010,
5,€10232. [CrossRef]

Joyce, K.E.; Laurienti, PJ.; Burdette, ] H.; Hayasaka, S. A new measure of centrality for brain networks. PLoS ONE 2010, 5, e12200.
[CrossRef]

Guo, Y.; Bao, H.; Wei, Z,; Fang, S.; Jiang, T.; Wang, Y. Structural changes in eloquent cortex secondary to glioma in sensorimotor
area. Hum. Brain Mapp. 2024, 45, €26723. [CrossRef]

Fang, S.; Li, L.; Weng, S.; Guo, Y.; Zhong, Z.; Fan, X,; Jiang, T.; Wang, Y. Contralesional Sensorimotor Network Participates in
Motor Functional Compensation in Glioma Patients. Front. Oncol. 2022, 12, 882313. [CrossRef]

Duffau, H. The huge plastic potential of adult brain and the role of connectomics: New insights provided by serial mappings in
glioma surgery. Cortex 2014, 58, 325-337. [CrossRef]

Falco-Roget, J.; Cacciola, A.; Sambataro, F.; Crimi, A. Functional and structural reorganization in brain tumors: A machine
learning approach using desynchronized functional oscillations. Commun. Biol. 2024, 7, 419. [CrossRef]

Zhang, Y.; Liao, Q.; Wen, X; Fan, ]J.; Yuan, T.; Tong, X,; Jia, R.; Chai, P,; Fan, X. Hijacking of the nervous system in cancer:
Mechanism and therapeutic targets. Mol. Cancer. 2025, 24, 44. [CrossRef] [PubMed] [PubMed Central]

Wei, Y,; Li, C,; Cui, Z.; Mayrand, R.C.; Zou, J.; Wong Alkc Sinha, R.; Matys, T.; Schonlieb, C.B.; Price, S.J. Structural connectome
quantifies tumour invasion and predicts survival in glioblastoma patients. Brain 2023, 146, 1714-1727. [CrossRef]

Choate, K.A; Pratt, E.P.S.; Jennings, M.].; Winn, R.J.; Mann, P.B. IDH Mutations in Glioma: Molecular, Cellular, Diagnostic, and
Clinical Implications. Biology 2024, 13, 885. [CrossRef]

Venkataramani, V.; Yang, Y.; Schubert, M.C.; Reyhan, E.; Tetzlaff, SK.; Wissmann, N.; Botz, M.; Soyka, S.J.; Beretta, C.A,;
Pramatarov, R.L.; et al. Glioblastoma hijacks neuronal mechanisms for brain invasion. Cell 2022, 185, 2899-2917.e31. [CrossRef]
[PubMed]

Hosseini, S.A.; Hosseini, E.; Hajianfar, G.; Shiri, I.; Servaes, S.; Rosa-Neto, P.; Godoy, L.; Nasrallah, M.P.; O'Rourke, D.M.; Mohan,
S.; et al. MRI-Based Radiomics Combined with Deep Learning for Distinguishing IDH-Mutant WHO Grade 4 Astrocytomas from
IDH-Wild-Type Glioblastomas. Cancers 2023, 15, 951. [CrossRef]

Han, Y,; Wu, X; Li, Y.; Chen, R.; Wang, M.; Wang, M. Preoperative prediction of IDH1 mutation status Ki-67 expression in glioma
using apparent diffusion coefficient parameters. J. Radiat. Res. Appl. Sci. 2026, 19, 102377. [CrossRef]

Maier-Hein, K.H.; Neher, PF,; Houde, ].C.; Cote, M.A.; Garyfallidis, E.; Zhong, J.; Chamberland, M.; Yeh, F.C.; Lin, Y.C.; Ji, Q.;
et al. The challenge of mapping the human connectome based on diffusion tractography. Nat. Commun. 2017, 8, 1349. [CrossRef]
Eibl, T.; Schrey, M.; Weigel, ].; Liebert, A.; Lange, R.; Stadt, M.; Eff, F.; Holtmannspotter, M.; Steiner, H.H. Assessing the feasibility
of mapping the tibialis anterior muscle with navigated transcranial magnetic stimulation in neuro-oncologic patients. Sci. Rep.
2022, 12, 18719. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/ cancers18182925


https://doi.org/10.3390/cancers17132174
https://doi.org/10.1016/j.wneu.2018.09.198
https://doi.org/10.1007/s00701-017-3187-z
https://doi.org/10.1016/j.nicl.2017.08.010
https://doi.org/10.1073/pnas.1302581110
https://doi.org/10.1038/s42003-022-03190-6
https://doi.org/10.1371/journal.pone.0010232
https://doi.org/10.1371/journal.pone.0012200
https://doi.org/10.1002/hbm.26723
https://doi.org/10.3389/fonc.2022.882313
https://doi.org/10.1016/j.cortex.2013.08.005
https://doi.org/10.1038/s42003-024-06119-3
https://doi.org/10.1186/s12943-025-02246-5
https://www.ncbi.nlm.nih.gov/pubmed/39915765
https://pmc.ncbi.nlm.nih.gov/articles/PMC11800603
https://doi.org/10.1093/brain/awac360
https://doi.org/10.3390/biology13110885
https://doi.org/10.1016/j.cell.2022.06.054
https://www.ncbi.nlm.nih.gov/pubmed/35914528
https://doi.org/10.3390/cancers15030951
https://doi.org/10.1016/j.jrras.2026.102377
https://doi.org/10.1038/s41467-017-01285-x
https://doi.org/10.1038/s41598-022-23444-x
https://doi.org/10.3390/cancers18182925

	Introduction 
	Methods 
	Participant Demographics and Clinical Assessment 
	MRI Acquisition 
	Diffusion MRI Preprocessing and Reconstruction 
	Co-Registration and Parcellation 
	Tractography and Connectome Construction 
	Subcortical and Basal Ganglia Network Analysis 
	Topological Metrics 
	TMS Metrics 
	Statistical Analysis 

	Results 
	Demographics and Clinical Characteristics 
	nTMS Metrics 
	Global Network Topology 
	Subcortical Network Alteration 
	Network Organization by Histology 
	Tumour Genetics and Network Plasticity 
	TMS Metrics and Connectivity 

	Discussion 
	Conclusions 
	References

