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Abstract
Although every glioma patient varies in tumor size, location, histological grade and molecular biomarkers, non-tumoral 
morphological abnormalities are commonly detected by a statistical comparison among patient groups, missing the informa-
tion of individual morphological alterations. In this study, we introduced an individual-level structural abnormality detec-
tion method for glioma patients and proposed several abnormality indexes to depict individual atrophy patterns. Forty-five 
patients with a glioma in the frontal lobe and fifty-one age-matched healthy controls participated in the study. Individual 
structural abnormality maps (SAM) were generated using patients’ preoperative T1 images, by calculating the degree of 
deviation of voxel volume in each patient with the normative model built from healthy controls. Based on SAM, a series of 
individual abnormality indexes were computed, and their relationship with glioma characteristics was explored. The results 
demonstrated that glioma patients showed unique non-tumoral atrophy patterns with overlapping atrophy regions mainly 
located at hippocampus, parahippocampus, amygdala, insula, middle temporal gyrus and inferior temporal gyrus, which are 
closely related to the human cognitive functions. The abnormality indexes were associated with several molecular biomark-
ers including isocitrate dehydrogenase (IDH) mutation, 1p/19q co-deletion and telomerase reverse transcriptase (TERT) 
promoter mutation. Our study provides an effective way to access the individual-level non-tumoral structural abnormalities 
in glioma patients, which has the potential to significantly improve individualized precision medicine.

Keywords  Frontal glioma · Structural MRI · Individual structural atrophy · Abnormality index · Molecular biomarkers

Introduction

Gliomas represent the majority of primary central nervous 
system (CNS) tumors. Comprehensive assessment of vari-
ous diagnostic information of gliomas, including histologi-
cal grades and molecular biomarkers, is important for its 
clinical management and prediction of outcome. However, 
it is infeasible to acquire these information before surgery; 
therefore, presurgical multi-modal imaging has been used 
as a key approach to assess the tumor status. Among many 
imaging modalities available for glioma patients, such as 
structural magnetic resonance imaging (sMRI), perfusion 
MRI, diffusion MRI (dMRI), functional MRI (fMRI) and 
positron emission tomography (PET), sMRI, e.g., T1 and 
T2 image, is the current standard of care scanning sequence, 
as it reveals the detailed morphological information about 
glioma with high spatial resolution and test–retest reliability. 
Commonly, limited information from sMRI, such as tumor 
location and size, is used for presurgical assessment. With 
the emergence of radiomics, the quantitative analysis of the 
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tumor region on sMRI images has been demonstrated to 
provide useful information about the histological/molecular 
biomarkers [27, 30, 37, 40].

Besides the tumor itself, glioma could induce alterations 
in the non-tumoral regions of the brain. A recent study 
reported that glioma in insular cortex resulted in a compen-
satory increase in the contralateral gray matter volume [1]. 
Another study confirmed that the gray matter volume of the 
contralateral temporal lobe was compensatively changed in 
patients with unilateral temporal lobe glioma and was related 
with patients’ cognitive function [17]. Functional connectiv-
ity studies of the non-tumoral regions based on resting-state 
fMRI (rs-fMRI) indicated that alterations of functional con-
nectivity and resting state networks in non-tumoral regions 
were related with patients’ cognitive function [8, 31]. These 
studies imply that alterations in the non-tumoral regions may 
be important to the postsurgical prognosis of brain tumors. 
Structural and functional alterations in the non-tumoral 
regions are commonly studied by group-level statistical 
comparisons [1, 8, 17, 31], although every glioma patient 
may suffer unique brain alterations. Because detecting and 
quantifying individual-level alterations may further deepen 
our understanding of the influences of gliomas, it is nec-
essary to probe the individual-level alterations of the non-
tumoral regions for glioma patients.

A previous study proposed an individual-level abnormal-
ity detection method called W-score map on multi-modal 
MRI [25]. W-score map can be used to detect personalized 
alterations in a single patient based on the patient’s devia-
tion from a normative model derived from healthy controls 
in a voxel-wise manner. This method has been applied to 
discover individual-level gray matter changes in Alzhei-
mer’s disease [18, 41] and provided an insightful assess-
ment of the neuroanatomical variability and heterogeneity 
among patients. Based on these studies, we developed an 
extended W-score method for studying both gray matter and 
white matter volumes in brain tumor patients and further 
proposed several novel whole brain structural abnormality 
indexes to depict the individualized structural atrophy pat-
terns. In this study, we aim to investigate whether individual 
frontal glioma patients display unique structural alterations, 
whether common patterns of structural alterations exist 
among glioma patients, and whether the individual-level 
atrophy patterns are correlated with patient-specific tumor 
characteristics.

Methods

Subjects

This study was approved by the Institutional Review Board 
of Beijing Tiantan Hospital, Capital Medical University, 

Beijing, China (KY2020-048–01), and registered at Chi-
nese ClinicalTrial Registry (ChiCTR2000031805). All 
study procedures were in accordance with the Declaration 
of Helsinki. Written informed consent was obtained from all 
subjects. All patients were prospectively enrolled between 
May 2019 and July 2020, and all healthy controls were 
recruited from the local community and universities. An 
initial cohort of 52 glioma patients and 117 healthy controls 
participated this study. All gliomas were diagnosed accord-
ing to the criteria of the World Health Organization (WHO) 
classification system [28, 29]. Inclusion criteria were adult 
(> 18 years old) patients with a newly diagnosed glioma. 
Exclusion criteria were patients with previous cranial sur-
gery, neuropsychiatric comorbidities and any contraindica-
tions to MR scanning such as metal implants. A final cohort 
of 45 patients (29 men, 16 women, age (mean ± standard 
deviation (SD)) = 43.2 ± 9.7 years, all right-handed) and 
51 age-matched healthy controls (24 men, 27 women, 
age = 42.6 ± 9.7 years, all right-handed) were included in 
the study. The demographic and clinical information of all 
subjects is listed in Table 1.

Neuropsychological testing was conducted in patients 
prior to their first MRI scan using the Montreal Cognitive 
Assessment (MOCA) test. The MOCA score was obtained 
by summing up seven sub-domain scores, including vis-
ual–spatial abilities, name objects, attention, language, 
abstraction, delayed recall and orientation. The total score 
of MOCA is 30, and patients scoring below 26 were identi-
fied as showing cognitive impairment. Age-adjusted Charl-
son Comorbidity Index (CCI) was collected to ascertain the 
comorbidity level for each patient. Histological confirmation 
of the diagnosis was obtained by surgical resection, and there 
were 33/10/2 glioma patients with grade II/III/IV. Molecular 
markers, including 1p/19q co-deletion, isocitrate dehydro-
genase (IDH)1/2 mutation, telomerase reverse transcriptase 
(TERT) promoter mutation and O6-methylguanine-DNA 
methyltransferase (MGMT) promotor methylation, were 
all collected. Chromosomes 1 and 19 were analyzed by the 
fluorescence in situ hybridization method, and the IDH1/2 
mutation and TERT promoter mutation were detected by 
sequence analysis, both following a previously described 
protocol [39]. MGMT promoter methylation was assessed 
by methylation-specific polymerase chain reaction (PCR) 
as described previously by our team [47]. Patients were fol-
lowed with routine clinical visits after initiation of treatment.

Structural MRI acquisition

All subjects were scanned with a Philips Ingenia 3.0 T MRI 
scanner at Beijing Tiantan Hospital. For both glioma patients 
and healthy controls, T1 sequence was collected with the fol-
lowing parameters: TR: 6.5 ms, TE: 3.0 ms, flip angle: 8°, 
voxel size: 1 × 1 × 1 mm3, image dimension: 256 × 256 × 196. 
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For patients, T2-FLAIR (fluid attenuated inversion recovery) 
was scanned with the following parameters: TR: 4.8 s, TE: 
0.34 s, flip angle: 90°, voxel size: 0.625 × 0.625 × 0.55 mm3, 
image dimension: 400 × 400 × 300.

Tumor segmentation

The tumor region of every patient was extracted from 
T2-FLAIR images using the ITK-SNAP software (www.​
itksn​ap.​org,version 3.8.0) [46]. First, an automatic segmen-
tation procedure was performed on each patient’s T2-FLAIR 
image to segment the tumor region, followed by a manual 
correction of any errors by an experienced neurosurgeon 
(Zhang, G.). Notably, the tumor segmentation region con-
tained the peri-tumoral edema in order to minimize possible 
influences of edema on non-tumoral structural alterations. 
Using the SPM12 software (https://​www.​fil.​ion.​ucl.​ac.​uk/​
spm/, Wellcome Trust Center for Neuroimaging, Univer-
sity College London, UK), individual patient’s T2-FLAIR 
image was co-registered to the patient’s T1 image using a 
rigid registration procedure, and the resulting transforma-
tion matrix was applied to the segmented tumor to obtain 
the extracted tumor region in T1 image space. To obtain 
an overall distribution of the tumors, the segmented tumors 
were normalized into Montreal Neurological Institute (MNI) 
standard space (Fig. 1).

Brain volume extraction

Individual T1 images were processed using the Computa-
tional Anatomy Toolbox 12 (CAT12, http://​dbm.​neuro.​uni-​
jena.​de/​cat/, Structural Brain Imaging Group, University of 
Jena, GER) to calculate the brain tissue volume. First, skull 
stripping and correction for bias-field inhomogeneities were 

performed. Then, the whole brain image was segmented into 
different tissue types, e.g., gray matter (GM), white matter 
(WM) and cerebrospinal fluid (CSF), followed by normali-
zation of the segmented GM and WM images into the MNI 
space using optimized shooting algorithm [16]. Finally, the 
normalized GM and WM images were smoothed with a 
4-mm full width at half maxima (FWHM) Gaussian kernel.

Generation of individual structural abnormality 
map

Our idea of generating an individual structural abnormal-
ity map (SAM) is to quantify the deviation of a patient’s 
brain volume measurement from a normative brain volume 
model using a W score. Figure 2 illustrates the flowchart 
of SAM generation. First, a normative brain volume model 
was constructed using the healthy controls’ data. General 
linear model (GLM) was adopted to discover the relationship 
between brain volume and variables including age, sex and 
total intracranial volume (TIV) using the following equation:

where β1, β2, β3 are weights of the regressors age, sex and 
TIV, respectively. Using this approach, the normative GM 
and WM volume models were separately constructed. Then, 
for each glioma patient, an individual SAM was generated 
by calculating a W score [25] for each voxel using the fol-
lowing equation:

Here, the W score essentially reflects the degree of devia-
tion of each patient from the healthy normal controls, and 

(1)
brain volume = �

1
× age + �

2
× sex + �

3
× TIV + residual

(2)Wscore =
volumepatient − �

1
× agepatient − �

2
× sexpatient − �

3
× TIVpatient

standard deviation of residuals in normative model

Table 1   Demographic and 
clinical information of all 
subjects

IDH, isocitrate dehydrogenase; MGMT, O6-methylguanine-DNA methyltransferase; MOCA, Montreal 
Cognitive Assessment; TERT, telomerase reverse transcriptase; TIV, total intracranial volume. Age, TIV, 
tumor volume and MOCA are displayed with mean ± std

Glioma patients Healthy controls

Number 45 51
Gender (M/F) 29/16 24/27
Age 43.2 ± 9.7 42.6 ± 9.7
TIV 1475.1 ± 114.0 1425.9 ± 144.9
Tumor volume 37.6 ± 38.0 -
Histological grade (II/III/IV) 33/10/2 -
IDH1 mutation (mutated/wild type) 39/6 -
TERT promoter mutation (mutated/wild type) 30/15 -
1p/19q co-deletion (yes/no) 31/14 -
MGMT promoter methylation (yes/no) 37/8 -
MOCA 22.6 ± 4.6 -
Charlson Comorbidity Index 0.911 ± 1.164
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the larger the W score in one voxel, the higher the atro-
phy probability in that location. A threshold of |W|> 6 was 
selected to generate the SAM for each patient to avoid the 
possible false positives in the whole brain SAM. Addition-
ally, individual SAM was masked with corresponding non-
tumoral regions, which was generated by the subtraction 
of individual tumor ROI from GM/WM prior probability 
template (provided in SPM, thresholded at 0.2). Based on 
the whole brain SAM, we defined 8 structural abnormality 
indexes (4 indexes for GM and 4 for WM) to reflect the char-
acteristics of individual patients’ structural alterations: ipsi-
lateral atrophy ratio, contralateral atrophy ratio, non-cancer 
atrophy ratio and relative atrophy ratio (definitions of these 
indexes are listed in Table 2).

Relationship between abnormality indexes 
and glioma characteristics

To investigate the relationship between the abnormality 
indexes and various glioma characteristics, Spearman cor-
relation was used to correlate the indexes with continuous 
variables, e.g., tumor volume, CCI and MOCA score, and 
a two-sample t-test was used for categorical variables, e.g., 
TERT mutation, 1p/19q co-deletion, MGMT promoter meth-
ylation, histological grade and IDH1. A significance level 

of p < 0.05 with false discovery rate (FDR) correction for 
multiple comparisons was used for both analyses.

Results

All subjects’ demographic information is reported in 
Table 1. A summary of the patients’ clinical information, 
including WHO histological grade, IDH1, TERT muta-
tion, 1p/19q co-deletion, MGMT promoter methylation and 
MOCA score, is reported in Table 1 as well. Specially, the 
MOCA score was negatively correlated with WHO grading 
(r = -0.356, p = 0.0096) in all patients.

Every patient displayed unique atrophy pattern

The results showed that every patient displayed unique atro-
phy pattern, and the tumor-induced structural atrophies were 
located not only at regions close to tumors but also regions 
far away from tumors. Figure 3 illustrates three example 
patients’ results, showing T1 images (with varying tumor 
size and histological grades) and corresponding individual-
ized GM/WM SAMs that were mapped back to the patients’ 
T1 space using reverse normalization matrix.

Fig. 1   Overall tumor distribution in all frontal glioma patients. The color bar indicates the number of patients who display tumor in that location. 
L: left; R: right

2848 Neurosurgical Review (2022) 45:2845–2855
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Shared atrophic regions across patients

Figure 4 shows the overlapping GM regions of all patients’ 
SAMs. There were widespread GM atrophies in the tem-
poral lobe, especially in the mesial temporal lobe (MTL, 
mainly including hippocampus, amygdala and parahip-
pocampus), middle temporal gyrus and inferior temporal 
gyrus. In addition, precuneus, lingual gyrus, fusiform and 
insula also showed atrophy in these patients with fron-
tal gliomas. Specifically, atrophies in the right temporal 
lobe were more extensive than the left side regardless of 
tumor hemisphere. Figure 5 shows the overlapping WM 
regions of all patients’ SAMs. The atrophy regions were 
mainly located at bilateral thalamus and pallidum, with 

the contralateral side having larger atrophy areas than the 
ipsilateral side.

Individual atrophy patterns were associated 
with glioma characteristics

Figure 6 illustrates the relationship between the individual 
abnormality indexes and glioma characteristics (p < 0.05, 
FDR corrected). GM/WM relative atrophy ratio was found 
to significantly correlate with the tumor size, i.e., the larger 
the tumor volume, the smaller the relative non-tumoral 
atrophy (power law distribution); no other individual struc-
tural indexes were correlated with tumor size. In particular, 
although grade III and IV gliomas are known to represent 

Fig. 2   Flowchart of the derivation of structural abnormality indexes. (A) construction of normative brain volume model; (B) calculation of the 
proposed individual abnormality indexes. GLM: general linear model; GM: gray matter; WM: white matter

Table 2   Proposed 8 whole-brain 
structural abnormality indexes

GM, gray matter; WM, white matter

Abnormality index Description

Ipsilateral atrophy ratio =
number of GM∕WM atrophy voxels in hemisphere with tumor

number of all voxels in hemisphere with tumor
  

Contralateral atrophy ratio =
number of GM∕WM atrophy voxels in contralateral hemisphere

number of all voxels in contralateralhemisphere
  

Non-cancer atrophy ratio =
number of abnormal GM∕WM voxels in non−cancer region

number of all voxels in whole brain
  

Relative atrophy ratio =
number of abnormal GM∕WM voxels in non−cancer region

number of all voxels in cancer region
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a whole brain disease, the above-mentioned correlations 
still existed after excluding these patients (r = -0.671 and 
-0.684, respectively, both p < 0.0001). WM contralateral 
atrophy ratio indicated significant differences between IDH 
wild type and mutation type, while WM relative atrophy 
ratio was significantly different between 1p/19q co-deletion 
and nonco-deletion type. Moreover, both GM/WM relative 
atrophy ratios indicated between-group differences in TERT 
wild type and mutation type. No significant relationships 
were detected between atrophy indexes and MOCA, MGMT 
or CCI.

Discussion

Through an individualized structural abnormality map 
detection method, this study aimed to address the ques-
tions that whether frontal glioma patients display unique 

and overlapping structural abnormalities in the non-tumoral 
regions and whether the individual atrophy patterns were 
associated with glioma characteristics. We developed a 
modified W-score map and proposed several whole-brain 
GM/WM atrophy indexes to depict individual structural 
atrophy characteristics in the non-tumoral regions, and fur-
ther investigated the relationship between individual atrophy 
patterns and tumor characteristics. The results demonstrated 
that every glioma patient displayed unique atrophy pattern, 
and there were overlapping atrophy regions among patients, 
mainly at the temporal lobe including MTL (e.g., hippocam-
pus, amygdala, and parahippocampus), middle temporal 
gyrus and inferior temporal gyrus. In addition, the atrophy 
indexes were correlated with tumor size and molecular indi-
cators such as IDH mutation, 1p/19q co-deletion and TERT 
mutation.

In recent years, individualized neuroimaging has shown 
great potential in precision diagnosis and treatment [26, 43]. 

Fig. 3   Three example patients’ results of individualized GM/WM atrophy maps. GM: gray matter; WM: white matter

2850 Neurosurgical Review (2022) 45:2845–2855
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Fig. 4   Overlapping GM atrophy in non-tumor regions for all patients. (A) tumor on left hemisphere; (B) tumor on right hemisphere. GM: gray 
matter; L: left; R: right

Fig. 5   Overlapping WM atrophy in non-tumor regions for all patients. (A) tumor on left hemisphere; (B) tumor on right hemisphere. WM: white 
matter; L: left, R: right

2851Neurosurgical Review (2022) 45:2845–2855
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Using rs-fMRI, Stoecklein et al. reported that individual 
functional connectivity characteristics of glioma patients 
were significantly correlated with tumor grade and IDH 
mutation status [38], demonstrating that individual-level 
fMRI alterations could reflect the intrinsic characteristics of 
tumors. Conversely, individual-level whole-brain structural 
alterations are not adequately studied for glioma patients 
although sMRI is the main diagnostic tool in presurgical 
assessment of gliomas. Currently, sMRI is either directly 
used through visual inspection by experienced neurosur-
geons, or at a group level, brain tumor patients’ sMRIs are 
quantitatively compared with that of the healthy controls 
to identify changes in the non-tumoral regions, missing the 
unique information of individual-level structural alterations. 
In addition, brain structure may be more relevant to the 
molecular biomarkers than brain function [48, 49]; therefore, 
individual-level structural alterations may be more sensitive 
to reflect the differences among diverse molecular types. Our 
study revealed that every glioma patient displayed unique 
structural atrophy in the non-tumoral regions, and individ-
ual atrophy patterns were associated with several molecular 
biomarkers, demonstrating the great potential of sMRI for 
individual-level assessment of glioma patient.

Although glioma patients displayed distinct individual-
level structural atrophy, it was interesting to find that they 
also shared overlapping GM atrophies in MTL, middle 

temporal gyrus, inferior temporal gyrus, precuneus, lingual 
gyrus, fusiform and insula. Importantly, these atrophies are 
not dependent on the hemisphere of tumor, tumor size, histo-
logical grade or molecular biomarkers, indicating that fron-
tal gliomas may introduce consistent atrophies in the remote 
brain structure. In addition, GM atrophy was more severe in 
the right hemisphere than the left hemisphere regardless of 
the tumor location, suggesting that the right hemisphere is 
more vulnerable to frontal glioma. This lateralization of the 
atrophy pattern needs further investigation.

Among the shared atrophy regions, MTL is a key region 
related to memory function, and MTL atrophy (MTA) is an 
important predictor for Alzheimer’s disease (AD)[5, 32]. 
Middle temporal gyrus and inferior temporal gyrus have 
been found to correlate with verbal cognition and seman-
tic memory in AD [7, 36]. Precuneus is related to episodic 
memory, and transcranial magnetic stimulation of the precu-
neus could enhance memory in prodromal AD [24]. Lingual 
gyrus and fusiform are key regions for visual processing, 
and have been found to link to visual memory in patients 
with mild cognitive impairment [21]. Insula is involved in 
the human cognition [4], and its dysfunction is also reported 
in AD [3]. Taken together, the shared atrophy regions in 
these frontal glioma patients indicate a high risk of cogni-
tive impairment, which may explain the previous surveys 
that as many as 90% of frontal glioma patients showed 

Fig. 6   Relationship between abnormality indexes and clinical/molec-
ular indicators in frontal glioma patients. GM relative atrophy ratio 
(A) and WM relative atrophy ratio (B) were correlated with tumor 
volume. WM contralateral atrophy ratio was significantly different 
between IDH mutation and IDH wild-type patients (C) and between 
1p/19q co-deletion and nonco-deletion patients (D). There are sig-

nificant differences in GM relative atrophy ratio (E) and WM rela-
tive atrophy ratio (F) between TERT mutation and TERT wild-type 
patients. GM: gray matter; WM: white matter. IDH: isocitrate dehy-
drogenase mutation; TERT: telomerase reverse transcriptase; MGMT: 
O6-methylguanine-DNA methyltransferase
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tumor-related cognitive deficits [11, 12]. Future longitudinal 
studies are needed to investigate the impact of these atrophy 
patterns in patients’ cognitive impairments.

The overlapping WM atrophies were mainly located at 
bilateral thalamus and pallidum, and the contralateral hemi-
sphere showed larger atrophy areas than the ipsilateral hemi-
sphere. These regions are involved with two fiber bundles 
linking frontal and temporal regions: superior longitudinal 
fasciculus (SLF) and uncinate fasciculus (UF). SLF has been 
reported to correlate with the spatial working memory defi-
cit [22], visuospatial dysfunction [33] and transmission of 
speech and language [15] in glioma patients. UF has been 
demonstrated to correlate with language [9] and cognitive 
deficits [19] in glioma patients. These WM atrophies may 
indicate the dysfunctions in the structural connectivity 
between frontal and temporal lobe, leading to the cognitive 
impairments in frontal glioma patients.

GM/WM relative atrophy ratio was negatively related 
(power law distribution) with tumor volume, i.e., the larger 
the tumor size, the smaller the relative non-tumoral atro-
phy in GM/WM. This relationship indicated that the size 
of individual non-tumoral atrophy is not directly driven by 
the tumor size; instead, the size of individual non-tumoral 
atrophy may be affected by other contributors, such as the 
genetic and environmental factors [13]. Moreover, WM 
contralateral and relative atrophy ratios were significantly 
different between patients with IDH mutation and 1p/19q 
co-deletion. IDH and 1p/19q co-deletion are both valid bio-
markers for the prognosis of glioma. For example, lower-
grade gliomas with wild-type IDH have similar prognosis 
as glioblastomas, and IDH mutated glioblastomas have 
better prognosis than IDH wild-type glioblastomas [6, 14]. 
Anaplastic gliomas with IDH wild-type have worse prog-
nosis than glioblastomas with IDH mutation [14]. 1p/19q 
co-deletion is found with better prognosis for patients with 
oligodendroglioma after radiotherapy or alkylating chemo-
therapy [20, 42]. Additionally, GM/WM relative atrophy 
ratios were both found with significant differences between 
TERT mutated and wild type, which is also a promising indi-
cator for the treatment response of radiotherapy and temo-
zolomide in primary glioblastoma, IDH-wildtype [10, 35, 
44]. In summary, our findings indicated that individual WM/
GM alterations in the non-tumoral regions are influenced by 
several molecular biomarkers in glioma patients. Although 
these genetic alterations occurred in glioma cells could not 
directly influence the neuronal plasticity in healthy (e.g., 
contralesional hemisphere) brain, they in fact decide the 
lesion momentum (rate and effect of lesion) of glioma [23]. 
As shown in previous studies, lesion momentum affected 
the brain remodeling and differed in different genotypes of 
glioma [23, 34]. The proposed individual structural abnor-
mality maps may indicate the extent of structural reorgani-
zation such as compression of neural unit, neuron loss and 

increasing efficiency by synaptic pruning [2, 45] in the brain. 
Therefore, they could serve as a potential indicator of lesion 
momentum of the glioma and thus reflect the tumor geno-
types; especially, molecular biomarkers are not available 
before surgery; these structural atrophy patterns can assist 
the inference about the glioma genetics and thus improve 
presurgical assessment of glioma patients.

There are several limitations of this study. First, the 
optimal threshold for W is not clear; we chose |W|> 6 in 
order to reduce the whole brain false positives in the detec-
tion of atrophy patterns. Second, the sex and TIV are not 
well matched between glioma patients and healthy con-
trols. Third, in order to include a complete tumor-infiltrated 
area, the perifocal edema (high signal in T2-FLAIR) was 
included during the segmentation of tumor region. However, 
the perifocal edema may affect the WM related structural 
abnormality indexes, especially in high grade lesions. Future 
large-scale studies are needed to address these limitations 
and further validate the findings of this study.

Conclusion

Our study investigated the individual-level non-tumoral 
structural atrophies in frontal glioma patients and found the 
structural atrophies were distinctive in every patient but also 
shared common atrophies among patients. Additionally, sev-
eral individual structural abnormality indexes were potential 
indicators of the molecular biomarkers of glioma. Our find-
ings can provide valuable information for the individualized 
presurgical evaluation and postsurgical prognosis in frontal 
glioma patients.
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