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Abstract
Purpose  To explore the alterations of gray matter volume (GMV) and structural covariant network (SCN) in unilateral 
frontal lobe low-grade gliomas (FLGGs).

Materials and methods  The three dimensional (3D) T1 structural images of 117 patients with unilateral FLGGs and 
68 age- and sex-matched healthy controls (HCs) were enrolled. The voxel-based morphometry (VBM) analysis and 
graph theoretical analysis of SCN were conducted to investigate the impact of unilateral FLGGs on the brain structure. 
This represents the first structural MRI study integrating both voxel-level morphometric changes and network-level 
reorganization patterns in unilateral FLGGs.

Results  Through VBM analysis, we found that unilateral FLGGs can cause increased GMV in contralesional amygdala, 
calcarine, and angular gyrus, ipsilesional amygdala as well as vermis_6. The SCN of contralesional cerebrum, 
ipsilesional unaffected regions and cerebellum in both patients and HCs have typical small-world properties 
(Sigma > 1, Lambda ≈ 1 and Gamma > 1). Compared to HCs, global and nodal network metrics changed significantly in 
patients.

Conclusion  The combination of VBM and SCN analysis revealed both focal GMV enlargement and topological 
alterations in patients with unilateral FLGGs, and provide a novel perspective of cross regional morphological 
collaborative changes for understanding the glioma-related neuroadaptation. These findings may suggest potential 
neuroimaging correlates of adaptive changes, which could inform future investigations into personalized treatment 
approaches.

Clinical trial number  Not applicable.
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Introduction
Glioma is considered to be the most prevalent primary 
malignancy of central nervous system (CNS), with a 
marked tendency to invade the frontal lobe [1]. Lesions 
in the frontal lobe commonly result in language and 
cognitive dysfunction, greatly diminishing the patient’s 
quality of life. Fortunately, numerous studies have con-
sistently highlighted the remarkable capacity of brain for 
functional and structural reorganization in response to 
intrinsic and extrinsic stimuli. This property, known as 
neuroadaptation, occurs across the lifespan, both physi-
ological development and novel learning [2, 3], and also 
serves as an adaptive mechanism supporting functional 
recovery after brain injury [4, 5]. Notably, neuroadapta-
tion in glioma exhibits a hierarchical pattern [6], wherein 
reorganization progresses from local perilesional adap-
tation to recruitment of contralesional homologs and 
higher-order networks. This pattern is particularly suited 
for low-grade gliomas (LGGs), given their indolent 
growth, prolonged timeline for adaptive rewiring, and 
minimal disruption of neuronal migration [7].

The elucidation of functional and structural reorgani-
zation patterns in brain tumors has long been a funda-
mental pursuit in clinical neuro-oncology. This line of 
inquiry carries profound clinical implications, as it not 
only advances the comprehension of mechanisms perti-
nent to disease progression and prognosis but also fur-
nishes fresh perspectives on novel and more effective 
treatment interventions. Functional imaging studies 
have revealed that compensatory activity was initially 
observed in perilesional tissue (residual neurons adjacent 
to tumors) and subsequently extends to distal networks 
[8, 9]. Nevertheless, the extent to which these functional 
reorganization are accompanied by alterations in macro-
structure remains an unresolved question.

Although several works have investigated the altera-
tions of gray matter volume (GMV) in gliomas by voxel-
based morphometry (VBM) [7, 10, 11], morphological 
analysis alone is inadequate to fully dissect the mecha-
nisms driving brain structural reorganization. It is well-
established that neuroplasticity in gliomas involves not 
only local morphological changes but also large-scale net-
work adaptations to preserve function [6, 8]. Structural 
covariance network (SCN), which quantify network-level 
covariance patterns in morphological properties, provide 
a unique lens to study these network-level reorganiza-
tions. Unlike functional or diffusion-based networks, 
SCN reflect synchronized developmental, pathological, 
or compensatory changes in morphometry over time, 
likely driven by shared genetic, neurotrophic, or activity-
dependent mechanisms [12]. Utilizing the SCN, multiple 
investigations have mapped focal and whole-brain corre-
lations of morphological properties including GMV, sur-
face area, and cortical thickness in healthy subjects and 

neurodegenerative diseases like mild cognitive impair-
ment, Parkinson’s disease, Alzheimers disease and so 
on [13–15]. While previous studies have mapped struc-
tural covariance patterns in neurodegenerative disor-
ders, critical gaps persist in glioma research: (1) lack of 
network-level characterization of GM reorganization, (2) 
inadequate attention to cerebellar contributions. There-
fore, the present study aimed to examine the changes of 
GMV and topological alterations of SCN in unilateral 
frontal lobe low-grade gliomas (FLGGs).

Materials and methods
Participants
This retrospective study of gliomas, treated at our hospi-
tal from 2019 to 2023, was granted approval by the insti-
tutional review board. Written informed consent were 
obtained from all subjects in this study. The inclusion 
criteria: (1) pathologically confirmed unilateral FLGGs 
with isocitrate dehydrogenase (IDH)-mutant (WHO 
grade 2, according to 2021 WHO classification system 
[16]), (2) right-handedness and 18–70 years old, and (3) 
solitary mass. The exclusion criteria: (1) high-grade gli-
omas (HGGs) (WHO grade 3/4), (2) patients who had 
undergone treatment including surgery, biopsy, radio-
therapy, or pharmacological therapy before the magnetic 
resonance imaging (MRI) scans, (3) patients with other 
intracranial abnormalities, (4) midline shift and bilateral 
hemispheres involved, and (5) MRI acquisition issues, 
such as artifacts. Healthy controls (HCs) comprising 
right-handed, age- and sex-matched healthy volunteers 
devoid of organic, mental, or psychological disorders 
were also recruited.

MRI
All participants underwent 3T MRI (Siemens Viero 
MR, Erlangen, Germany) scans with an 8-channel head 
coil within a week prior to treatment. The scanning pro-
tocol included three dimensional (3D) structural T1 
and T2-weighted fluid attenuation inversion recovery 
(FLAIR). The main parameters of 3D T1 were: repetition 
time (TR) = 1900ms; echo time (TE) = 2.93ms; slice thick-
ness = 1  mm; field of view (FOV) = 256  mm×256  mm; 
flip angle = 12°; matrix = 256 × 256. The main param-
eters of T2-weighted FLAIR were: TR = 8000ms; 
TE = 102ms; FOV = 201 mm×230 mm; matrix = 256 × 190; 
thickness = 6 mm.

Tumor masking
To visualize the lesion and calculate tumor volume (TV), 
an experienced neuroradiologist with 6 years of exper-
tise delineated the tumor mask on T2-weighted FLAIR 
images using MRIcron (​h​t​t​p​​s​:​/​​/​w​w​w​​.​m​​c​c​a​​u​s​l​​a​n​d​c​​e​n​​t​e​r​​.​s​
c​​.​e​d​u​​/​c​​r​n​l​/​t​o​o​l​s) and reconfirmed by a senior ​n​e​u​r​o​r​a​d​i​
o​l​o​g​i​s​t (DY.G, 30 years of experience). The tumor mask 

https://www.mccauslandcenter.sc.edu/crnl/tools
https://www.mccauslandcenter.sc.edu/crnl/tools
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included tumor-affected zones appearing hyperintense 
on T2-weighted FLAIR. Rechecked lesion masks and 
T2-weighted images were normalized to standard Mon-
treal Neurological Institute (MNI) space and then all 
normalized lesion masks were superimposed to generate 
lesion overlap by SPM12 (​h​t​t​p​​s​:​/​​/​w​w​w​​.​f​​i​l​.​​i​o​n​​.​u​c​l​​.​a​​c​.​u​​k​/​s​​
p​m​/​s​​o​f​​t​w​a​r​e​/​s​p​m​1​2​/). The lesion overlap was visualized 
with MRIcroGL (​h​t​t​p​​s​:​/​​/​w​w​w​​.​m​​c​c​a​​u​s​l​​a​n​d​c​​e​n​​t​e​r​​.​s​c​​.​e​d​u​​/​
m​​r​i​c​r​o​g​l)(Fig. 1).

Image preprocessing
The preprocessing of 3D T1 images was performed on 
SPM12 and CAT12 toolbox in MATLAB (release 2022a, 
MathWorks, Inc., Natick, MA). Due to the limited num-
ber of right FLGGs, images of right-sided lesions were 
flipped along the mid-sagittal line before preprocessing 

to enhance statistical power. However, this operation 
could introduce bias due to the asymmetry between left 
and right hemispheres. In order to weaken this bias, 
we conducted comparative analysis of age, sex, TV, and 
total intracranial volume (TIV) between the patients 
with right- and left-sided lesions. We further performed 
Levene’s test for homogeneity of variance between left 
and right FLGG subgroups, confirming equal variances 
across compared parameters. As we found no significant 
differences, we flipped right-sided lesions in our study. 
Images were manually reoriented, with the anterior com-
missure designated as the origin (coordinates: 0, 0, 0), 
and then were segmented into GM, white matter (WM), 
and cerebrospinal fuid (CSF). The 3D T1 structural 
images were normalized to standard MNI space with an 
isotropic voxel resolution of 1.5 × 1.5 × 1.5mm3, and then 

Fig. 1  Lesion overlap

 

https://www.fil.ion.ucl.ac.uk/spm/software/spm12/
https://www.fil.ion.ucl.ac.uk/spm/software/spm12/
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were modulated to maintain original GMV. Meanwhile, 
the TIV were extracted for all subjects. The modulated 
GM maps were smoothed with an 8  mm full width at 
half-maximum Gaussian kernel. Subjects with weighted 
image quality rating (IQR) < 85% were excluded.

VBM
After preprocessing, we assessed the difference in GMV 
between the patients and HCs using two sample t-test in 
CAT12 with TIV, age and sex as covariates. We applied 
absolute masking with a 0.2 threshold and proportional 
scaling for global normalization according to a prior 
study [10]. Region-specific masks were generated in the 
WFU-Pickatlas toolbox (​h​t​t​p​​s​:​/​​/​w​w​w​​.​n​​i​t​r​​c​.​o​​r​g​/​p​​r​o​​j​e​c​​t​s​/​​
w​f​u​_​​p​i​​c​k​a​t​l​a​s​/) for observing the changes of ​c​o​n​t​r​a​l​e​s​i​o​
n​a​l cerebrum, ipsilesional unaffected regions and cerebel-
lum. The family wise error (FWE) was used for correc-
tion with p < 0.05 at the cluster level and k > 200 of cluster 
sizes.

SCN
SCN analysis was conducted on the GRETNA toolbox 
in MATLAB through the following protocol: (1) con-
tralesional cerebrum, ipsilesional unaffected regions and 
cerebellum were divided into different regions with the 

automated anatomical labeling (AAL) atlas segmenta-
tion scheme, and GMV was determined for each region. 
(2) TIV, age and sex were classified as covariates. Pear-
son correlation coefficients were then calculated for the 
GMV between brain regions, culminating in a correla-
tion matrix (Fig.  2). (3) a sparsity range (0.05–0.5, step 
size = 0.01) was established for the correlation matrix to 
ensure complete connectivity and small-world proper-
ties within the brain network. (4) based on this sparsity 
range, the correlation matrix was converted into a binary 
matrix, which was utilized to compute graph metrics. The 
global metrics included small-world properties (normal-
ized clustering coefficient (Gamma), normalized char-
acteristic path length (Lambda), and small-world-ness 
(Sigma)), integration metrics (global efficiency (Eg) and 
characteristic path length (Lp)), and segregation metrics 
(local efficiency (Eloc) and clustering coefficient (Cp)). 
The nodal metrics included betweenness centrality (BC), 
degree centrality (DC), and nodal efficiency (NE). The 
differences of these network metrics were determined 
with permutation test (1000 times). The false discovery 
rate (FDR) was used for nodal metrics with p < 0.05.

Fig. 2  Correlation matrices. A and D: Correlation matrices of contralesional cerebrum for the unilateral FLGGs (A) and the HCs (D). B and E: Correlation 
matrices of ipsilesional unaffected regions for the unilateral FLGGs (B) and the HCs (E). C and F: Correlation matrices of cerebellum for the unilateral FLGGs 
(C) and the HCs (F). FLGGs frontal lobe low-grade gliomas, HCs healthy controls
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Statistical analysis
Quantitative variables (age, TV, and TIV) were compared 
using two sample t test, and sex was compared using chi-
square test. Statistical analysis were performed on Sta-
tistical Package for Social Sciences software (SPSS 26.0 
SPSS Inc., Chicago, IL, USA, 1999). Quantitative vari-
ables are reported as mean ± standard deviation. Statisti-
cal significance was set at p < 0.05.

Results
Participants demographics
Our study enrolled 117 patients with unilateral FLGGs 
(98 patients with left FLGGs, 19 patients with right 
FLGGs) and 68 age-and sex-matched HCs. Demographic 
characteristics were summarized in Table  1. Statistical 
tests revealed no significant differences in age, sex, TIV, 
or TV between patients and HCs, nor between patients 
with right- and left-sided lesions.

VBM
Patients with unilateral FLGGs exhibited significantly 
larger GMV in contralesional amygdala, calcarine, and 
angular gyrus, ipsilesional amygdala as well as vermis_6 
compared to HCs (Fig. 3). The surviving clusters include 
22,122 voxels (x = 21, y = 1.5, z = − 18 with T = 11.17) in 
contralesional amygdala, 1543 voxels (x = 12, y = − 96, 
z = 0 with T = 6.62) in contralesional calcarine, 513 vox-
els (x = 52.5, y = − 58.5, z = 31.5 with T = 5.54) in contral-
esional angular gyrus, 35,475 voxels (x = − 19.5, y = − 3, 
z = − 16.5 with T = 12.65) in ipsilesional amygdala, and 
22,972 voxels (x = 3, y = − 67.5, z = − 18 with T = 10.04) in 
vermis_6 (Table 2).

SCN
Topological alterations of the contralesional cerebrum
Global network metrics  The SCN of contralesional 
cerebrum in both patients and HCs demonstrated typi-
cal small-world properties (Sigma > 1, Lambda ≈ 1 and 
Gamma > 1). Patients showed significantly increased 
Sigma, Gamma, Cp, Eloc, Eg, and decreased Lp com-

pared to HCs. Lambda did not differ significantly between 
groups (Fig. 4).

Nodal network metrics  Patients exhibited significantly 
decreased BC in contralesional opercular part of inferior 
frontal gyrus and orbital part of medial frontal gyrus, with 
significantly increased BC in other contralesional regions 
such as orbital part of inferior frontal gyrus, medial part of 
superior frontal gyrus, hippocampus, postcentral gyrus, 
and angular gyrus compared to HCs. Similarly, the DC of 
contralesional opercular part of inferior frontal gyrus was 
significantly decreased in patients, while DC of contral-
esional orbital part of inferior frontal gyrus, hippocam-
pus, postcentral gyrus and angular gyrus were signifi-
cantly increased. The NE of contralesional opercular part 
of inferior frontal gyrus and orbital part of medial frontal 
gyrus were significantly decreased in patients, while NE of 
contralesional orbital part of inferior frontal gyrus, medial 
part of superior frontal gyrus, hippocampus, postcentral 
gyrus, supramarginal gyrus and heschl gyrus were signifi-
cantly increased (Fig. 5).

Topological alterations of the ipsilesional unaffected regions
Global network metrics  The SCN of ipsilesional unaf-
fected regions in both patients and HCs demonstrated 
typical small-world properties (Sigma > 1, Lambda ≈ 1 
and Gamma > 1). Patients showed significantly increased 
Sigma, Eg, and decreased Lp, Lambda, Eloc, and Cp com-
pared to HCs. Gamma did not differ significantly between 
groups (Fig. 6).

Nodal network metrics  Patients exhibited significantly 
decreased BC in ipsilesional cuneus, postcentral gyrus 
and angular gyrus, significantly decreased DC in ipsile-
sional postcentral gyrus, angular gyrus and heschl gyrus as 
well as significantly decreased NE in ipsilesional cuneus, 
angular gyrus, heschl gyrus and superior temporal gyrus 
compared to HCs (Fig. 7).

Table 1  Demographic characteristics
Variables Unilateral FLGGs HCs P values Left FLGGs Right FLGGs P values
No 117 68 NA 98 19 NA
Age, years 38.11 ± 9.69 39.47 ± 5.49 0.225 37.98 ± 9.83 38.79 ± 9.14 0.740
Sex ratio, F/M, n 60/57 33/35 0.718 49/49 11/8 0.529
TIV, cm3 1450.90 ± 141.04 1463.00 ± 153.79 0.587 1457.80 ± 139.78 1415.10 ± 145.91 0.229
TV, cm3 44.77 ± 37.03 NA NA 44.58 ± 37.69 45.77 ± 35.44 0.900
Quantitative variables are expressed as the mean ± standard deviation. The P values were determined by two-sample t test for age, TIV, and TV, chi-square test for 
sex ratio

F female, FLGGs frontal low-grade gliomas, HCs healthy controls, M male, NA not applicable, TIV total intracranial volume, TV tumor volume
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Topological alterations of the cerebellum
Global network metrics  The SCN of cerebellum in both 
patients and HCs demonstrated typical small-world prop-
erties (Sigma > 1, Lambda ≈ 1 and Gamma > 1). Patients 
showed significantly decreased Sigma, Gamma, Cp and 

Eloc compared to HCs. Eg, Lp and Lambda did not differ 
significantly between groups (Fig. 8).

Nodal network metrics  There was no significant differ-
ence in nodal metrics of the cerebellum network between 
patients and HCs.

Fig. 3  The GMV of patients with unilateral FLGGs compared with HCs. Patients with unilateral FLGGs exhibited significantly larger GMV in contralesional 
amygdala, calcarine, and angular gyrus (A), ipsilesional amygdala (B) as well as vermis_6 (C) compared to HCs. AMYG amygdala, ANG angular gyrus, CAL 
calcarine, FLGGs frontal lobe low-grade gliomas, GMV gray matter volume, HCs healthy controls
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Discussion
Through VBM analysis, we observed that unilateral 
FLGGs can lead to increased GMV in contralesional 
amygdala, calcarine, angular gyrus, and ipsilesional 
amygdal, consistent with potential neuroadaptive pro-
cesses in the contralateral and ipsilateral hemispheres. 
While our VBM analysis did not detect GMV increases 
in contralesional homotopic regions, this null finding 

may reflect methodological and neurobiological factors. 
First, stringent cluster-level correction (FWE p < 0.05, 
k > 200) prioritized specificity over sensitivity, potentially 
obscuring subtle GMV changes. Second, frontal LGGs 
may induce compensatory shifts toward multimodal 
hubs (e.g., angular gyrus) rather than homotopic prefron-
tal regions, as evidenced by SCN-derived nodal metrics 
alterations. The amygdala, with widespread connections 

Table 2  VBM analyses for patients with unilateral FLGGs compared with HCs
ROI Contract Brain region Peak MNI 

coordinate
Cluster size (in voxels) Peak level t value P values

X Y Z
Contralesional cerebrum Unilateral FLGGs > HCs Amygdala 21 1.5 -18 22,122 11.17 0.000

Calcarine 12 -96 0 1543 6.62 0.000
Angular 52.5 -58.5 31.5 513 5.54 0.000

Ipsilesional unaffected regions Amygdala -19.5 -3 -16.5 35,475 12.65 0.000
Cerebellum Vermis_6 3 -67.5 -18 22,972 10.04 0.000
Clusters survived at a threshold of P < 0.05 with family-wise error correction (FWE)

FLGGs frontal low-grade gliomas, HCs healthy controls, MNI Montreal Neurological Institute, ROI region of interest, VBM voxel-based morphometry

Fig. 4  Alterations in global network metrics of the contralesional cerebrum. Patients with unilateral FLGGs showed significantly increased Sigma (A), 
Gamma (B), Cp (C), Eloc(D), Eg (E) and decreased Lp (F) compared to HCs. Lambda (G) did not differ significantly between groups. Sigma, small-world-
ness; Gamma, normalized clustering coefficient; Lambda, normalized characteristic path length; Eg, global efficiency; Lp, characteristic path length; Eloc, 
local efficiency; Cp, clustering coefficient. FLGGs frontal lobe low-grade gliomas, HCs healthy controls
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to cortical and subcortical structures, is pivotal in multi-
modal information processing, emotion recognition, and 
behavioral modulation [17]. The occipital cortex is the 
primary brain region of the visual cortex, and the calca-
rine, as an important component of the occipital cortex, 
plays a central role in visual processing and bottom-up 
attentional control [18, 19]. The angular gyrus, situated 
at the junction of the temporal, occipital, and parietal 
lobes, possesses extensive white matter fiber bundle con-
nections, suggesting its role in cross-regional informa-
tion integration. Based on numerous researches in brain 
injury and neuroimaging, angular gyrus is considered 
as a vital brain region for semantic processing [20–22]. 
Given the significance of the amygdala, calcarine, and 
angular gyrus in brain function, it is plausible that their 
enlargement of GMV may facilitate compensation to bet-
ter fulfill function in patients. Our finding of increased 
contralesional amygdala was consistent with that of Lv 

et al. [10]. Additionally, compare to Lv et al. [10], we also 
found that the GMV of ipsilesional amygdala in patients 
was signifcantly larger than that of HCs by exploring 
the ipsilesional unaffected regions. Previous studies 
have reported diverse findings. Xu et al. [23]observed 
increased GMV in the contralesional cuneus and ipsi-
lateral thalamus of glioma patients, Liu et al. [24]found 
increased GMV in the left superior parietal gyrus within 
the cognitive control network in patients with right fron-
tal tumors and Zhang et al. [25] reported widespread GM 
atrophy in regions such as the temporal lobe, precuneus, 
lingual gyrus, fusiform, and insula in patients with frontal 
gliomas. The heterogeneity of participants, the complex 
and dynamic nature of brain plasticity and the relatively 
small sample of these studies may account for the dis-
crepancies observed with our findings.

To our knowledge, the majority of existing research on 
structural and functional reorganization in brain injury 

Fig. 5  Alterations in nodal network metrics of the contralesional cerebrum. Comparison of the alterations of nodal network metrics in patients with uni-
lateral FLGGs and HCs including BC (A), DC (B) and NE (C). The red and blue balls represent increased and decreased of the corresponding nodal network 
metrics respectively. BC, betweenness centrality; DC, degree centrality; NE, nodal efficiency. FLGGs frontal lobe low-grade gliomas, HCs healthy controls
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has primarily targeted the cerebral cortex, while the cer-
ebellar role in this context, particularly among glioma 
patients, has received insufficient attention. Traditionally, 
it was believed that the cerebellum primarily participates 
in regulating bodily balance, muscle tone, and coordi-
nating voluntary movements. However, recent advance-
ments in research have elucidated the engagement of 
cerebellum in various cognitive processes such as mem-
ory, work, learning, and language [26–28]. In the con-
text of pathological conditions, its role has also garnered 
attention. For example, patients with cerebellar lesions 
showed memory impairments similar to those in patients 
with frontal lesions [29]. Moreover, studies on cerebel-
lar lesions in children further substantiated the cerebel-
lum’s involvement in visual-spatial working memory 
[30]. In our study, unilateral FLGGs patients exhibited 
greater GMV in vermis_6, indicating the reorganization 
of cerebellar structure in glioma patients. We hypoth-
esize a cortico-cerebello-thalamo-cortical loop adapta-
tion, where increased cerebellar GMV compensates for 
disrupted cerebral cortex. Similar to our finding, a prior 

study observed that patients with left hemispheric LGG 
had larger GMV in the medial part of bilateral cerebellar 
lobule VIIa than HCs. In addition, this prior study also 
found that LGG patients exhibited increased brain activ-
ity in regions of cerebellum with greater GMV, suggesting 
a structure-function coupled alteration [31].

Our investigation also demonstrated that patients 
with unilateral FLGGs maintained typical small-world 
properties, yet showed alterations in global and nodal 
network metrics by graph theoretical analysis based 
on SCN. Prior researches have documented the small-
world properties of resting-state functional and WM 
structural brain networks in glioma patients [32–34]. 
Our study further confirmed that the GMV-based SCN 
of unilateral FLGGs patients also displays small-world 
properties, suggesting preserved capacity for informa-
tion processing despite structural alterations. Eloc and 
Cp serve as assessments of local connectivity and clus-
tering within the brain network, while Eg functions as 
an indicator of global connectivity. Lp reflects the mini-
mal cost for a network node to transmit information to 

Fig. 6  Alterations in global network metrics of the ipsilesional unaffected regions. Patients with unilateral FLGGs showed significantly increased Sigma 
(A), Eg (B) and decreased Lp (C), Lambda (D), Eloc (E) and Cp (F) compared to HCs. Gamma (G) did not differ significantly between groups. Sigma, small-
world-ness; Gamma, normalized clustering coefficient; Lambda, normalized characteristic path length; Eg, global efficiency; Lp, characteristic path length; 
Eloc, local efficiency; Cp, clustering coefficient. FLGGs frontal lobe low-grade gliomas, HCs healthy controls
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other nodes. Our results indicated the alterations of 
SCN in the contralesional cerebrum (increased Eloc, 
Cp, Eg and decreased Lp) and the ipsilesional unaffected 
regions (increased Eg and decreased Eloc, Cp, Lp) in uni-
lateral FLGGs patients. The observed increases in Cp 
and Eloc in the contralesional cerebrum may indicate 
altered local connectivity patterns, potentially reflecting 
adaptive reorganization mechanisms. Conversely, the 
decreased Cp and Eloc in ipsilesional unaffected regions 
may indicate disorganization of local clustering due to 
tumor infiltration or diaschisis. Notably, the separation 
decreased, while integration remained relatively stable 
in the cerebellum in patients. These findings collectively 
suggest that glioma-induced structural alterations were 
hierarchical: (1) decentralization of ipsilesional regions 
to reduce reliance on compromised nodes; (2) compen-
sation in contralesional hubs and (3) preservation of 
global efficiency in cerebellum. Structural covariance 

may reflect synchronized changes across regions. Part 
of these observations were similar to functional net-
work, yet diverge from the results of structural network 
based on WM. Previously, a functional network study 
[35] reported decreased Eloc, Cp and increased Eg in 
patients with frontal LGGs, which were consistent with 
the results of ipsilesional unaffected regions network in 
our study. However, no alterations in small-world prop-
erties and Eg was observed in glioma patients based on 
a diffusion tensor imaging (DTI) study [34]. Partially 
overlapping observations between SCN and functional 
networks could arise from activity-dependent GM plas-
ticity, as prior work shows partial concordance between 
structural covariance and resting-state functional net-
works in healthy adults [36]. Conversely, structural cova-
riance does not directly map to anatomical connectivity. 
The divergence from WM networks underscores that 
structural covariance reorganization is not constrained 

Fig. 7  Alterations in nodal network metrics of the ipsilesional unaffected regions. Comparison of the alterations of nodal network metrics in patients 
with unilateral FLGGs and HCs including BC (A), DC (B) and NE (C). The blue balls represent decreased of the corresponding nodal network metrics. BC, 
betweenness centrality; DC, degree centrality; NE, nodal efficiency. FLGGs frontal lobe low-grade gliomas, HCs healthy controls
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by direct anatomical tracts, potentially reflecting indirect 
or trans-synaptic mechanisms. These modality-specific 
findings collectively suggest glioma-induced neuroadap-
tation operates at multiple levels (morphological, struc-
tural, and functional) and each offer complementary 
insights.

The last key finding of our study was that nodal network 
metrics of several brain lobe and subcortical structures 
were changed significantly in unilateral FLGGs patients. 
In general, the distribution and changes of nodes were 
manifested as redistribution in the contralesional homol-
ogous structures, increases in the contralesional distal 
regions and decreases in the ipsilesional distal regions. 
BC quantifies the impact of a node on information flow 
within the network. DC assesses the connectivity of a 
node with other nodes in a network. NE measures the 
capacity for information propagation between a given 
node and other nodes. Our previous study on functional 
imaging found increased nodal network metrics in the 
remote areas of the lesion and decreased nodal network 
metrics in the lesion and its adjacent areas, which is not 

entirely consistent with our present results [32]. This dis-
crepancy may be related to the non-synchronous altera-
tions of functional and structural network.

Despite presenting novel findings, this study also 
has some limitations. First, the cohort of patients with 
right FLGGs was small. To enhance statistical power, 
we flipped patients with right-sided lesions to the left in 
our analysis. This operation could introduce bias due to 
the asymmetry between the left and right hemispheres. 
Therefore, the results of this study require further valida-
tion based on larger sample size and subgroup analysis. 
Second, the unaffected area referred to regions macro-
scopically free of tumor invasion on preoperative MRI in 
our study, but microscopic infiltration remains possible. 
More accurate pathological localization is needed to vali-
date these results in the future. Last, this study did not 
integrate functional imaging and cognitive or behavioral 
assessments, which hindered to further explore the inter-
action between structure and function directly. Given 
that most patients in our study did not exhibit functional 
impairments, we speculate that these macrostructural 

Fig. 8  Alterations in global network metrics of the cerebellum. Patients with unilateral FLGGs showed significantly decreased Sigma (A), Gamma (B), Cp 
(C) and Eloc (D) compared to HCs. Eg (E), Lp (F) and Lambda (G) did not differ significantly between groups. Sigma, small-world-ness; Gamma, normal-
ized clustering coefficient; Lambda, normalized characteristic path length; Eg, global efficiency; Lp, characteristic path length; Eloc, local efficiency; Cp, 
clustering coefficient. FLGGs frontal lobe low-grade gliomas, HCs healthy controls
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deviations may reflect neuroadaptation accumulated 
over years of indolent tumor growth. Future studies are 
needed to determine whether specific network changes 
correlate with clinical outcomes. Our cross-sectional 
study cannot directly establish causality or dynamic reor-
ganization processes, as longitudinal designs are better 
suited to track neuroplastic changes over time. We will 
continue to collect longitudinal data for the study of 
dynamic glioma-induced neuroplasticity.

Conclusion
The combination of VBM and SCN analysis revealed 
both focal GMV enlargement and topological alterations 
in patients with unilateral FLGGs, and provide a novel 
perspective of cross regional morphological collaborative 
changes for understanding the glioma-related neuroad-
aptation. These findings may suggest potential neuroim-
aging correlates of adaptive changes, which could inform 
future investigations into personalized treatment 
approaches.
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