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Abstract
Background: Low-grade gliomas (LGGs) are primary diffuse slow-growing brain 
tumors derived from glial cells. The management of these tumors is dependent on 
their location, which often harbors eloquent areas. We retrospectively recorded the 
location of diffuse gliomas to identify whether specific differences exist between the 
histological types.
Methods: We analyzed 102 patients with previous histological diagnosis of WHO-II 
astrocytomas (62) and WHO-II oligodendrogliomas (40) according to WHO-2016 
classification. MRI sequences (T2-FLAIR) were used for tumor volume segmenta-
tion and to create a frequency map of their locations within the Montreal Neurological 
Institute (MNI) space. The Brain-Grid (BG) system (standardized radiological tool 
of intersected lines according to anatomical landmarks) was created and merged with 
a tractography atlas for infiltration analysis.
Results: Astrocytomas frequently infiltrated association and projection white matter 
pathways within fronto-temporo-insular regions on the left side. Oligodendrogliomas 
infiltrated larger white matter networks (association-commissural-projection) of the 
frontal lobe bilaterally. A critical number of infiltrated BG voxels (7 for astrocyto-
mas, 10 for oligodendrogliomas) significantly predicted shorter overall survival (OS) 
in both groups. Bilateral tumor extension in astrocytomas and preoperative tumor 
volume in oligodendrogliomas were independent prognostic factors for shorter OS.
Conclusions: Astrocytomas and oligodendrogliomas differ in preferential location, 
and this has an impact on the type and the extent of white matter involvement. The 
number of BG voxels infiltrated reflected different tumor invasiveness and its impact 
on OS in both groups. All this new information may be valuable in neurosurgical 
oncology to classify and plan treatment for patients with diffuse gliomas.
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1 |  INTRODUCTION

Central nervous system (CNS) tumors are defined by their 
cell of origin and their histopathological characteristics, 
which predict their behavior.1 Low-grade gliomas (LGGs) 
are WHO grade II tumors that affect mostly adult patients 
and include diffuse astrocytomas and diffuse oligodendrogli-
omas.2,3 The clinical course of low-grade gliomas is diverse 
with a peak incidence around 30-40 years and the tendency to 
recur or to transform into high-grade gliomas.4

The management of these tumors is dependent on their 
location. Several studies have described LGGs as being lo-
cated preferentially in “secondary” functional areas (im-
mediately near the so-called primary eloquent regions), 
especially within the SMA (supplementary motor area) 
and the insular lobe. This preferential localization has been 
explained as being due to developmental, cyto- and mye-
loarchitectonic, neurochemical, metabolic, and functional 
reasons.5-7 However, many of the studies investigating the 
radiological location of gliomas included different grades 
and/or different histological subtypes, without any evi-
dence suggesting specific differences between them.5-7 The 
authors of other studies have suggested differences in the 
molecular biology of LGGs as the reason for differences in 
tumor location,8-10 with a higher rate of 1p deletion in the 
anterior part of the brain (in particular in the frontal lobe)9 
and a lower rate in the insula,8 or the absence of IDH1 mu-
tation within the insula10 and its presence in tumors located 
within the frontal lobe.11 At the biological level, these re-
sults support the existence of differences in cortical-sub-
cortical infiltration and/or dislocation patterns in relation 
to the histological origin that may depend on permissive 
neighboring structures around the tumor. Dissemination 
of astrocytic tumors seems to be confined to white mat-
ter by the cortex or deep gray nuclei, which, under certain 
circumstances, act as barriers to invasion of some glio-
mas.12,13 This phenomenon is less prominent in oligoden-
drogliomas, which will frequently invade the cortex and are 
less likely to respect anatomic boundaries.14 The grade of 
the tumor, however, does not seem to be strictly correlated 
with the degree of local invasion, and low-grade astrocyto-
mas (WHO II) may show extensive infiltration of adjacent 
subcortical regions.15 The implications with regard to the 
exact location, invasive behavior, and histological correla-
tion are particularly important for treatment planning and 
the outcome.

The aim of this study was to retrospectively record 
the exact location of histologically diagnosed WHO II 
astrocytomas and WHO-II oligodendrogliomas and iden-
tify whether specific radiological or topographical dif-
ferences between the histological types could affect the 
outcome. The white matter architecture within the prefer-
ential locations was analyzed to describe whether specific 

functional networks were preferentially invaded by the 
tumor subgroups.

2 |  MATERIALS AND METHODS

2.1 | Patient population

We collected clinical and radiological data for all pa-
tients who had undergone surgery between February 2005 
and December 2015. One hundred and two adult patients 
(>18  years) with a radiological and histological diagno-
sis of low-grade glioma (WHO II), were included in this 
study and reclassified according to the WHO 2016 clas-
sification.1 Molecular verification including the IDH status 
(either IDH1/IDH2 mutant, IDHm; IDH wildtype, IDHwt) 
and LOH1p19q codeletion were recollected in all the avail-
able cases. The regional ethics committee, approved the 
study protocol.

2.2 | Clinical and radiological data

Magnetic resonance imaging (MRI) was performed on a 1.5-T 
or 3.0-T scanner, including high-resolution T1-weighted (3D 
T1 image), T2-weighted fluid attenuated inversion recovery 
(T2 FLAIR) acquired in 2D or 3D, and T2-weighted turbo 
spin echo (T2 TSE) and either FLAIR or 3D FLAIR images. 
Slice thickness ranged between 1 and 5 mm, and the axial 
resolution was 0.5-2 mm. Morphological MRI findings pre-
senting with high signal intensity on T2 FLAIR and 3D T1 
images with no or minimal (patchy and faint) contrast en-
hancement suggestive of a low-grade glioma were analyzed. 
All MR images were reevaluated by the first author of this 
study and reclassified according to the Brain-Grid system.16

T2 TSE or 2D/3D T2 FLAIR images (preferably 3D-based 
when available) in Vue picture archiving and communication 
system (PACS) software (version 11.1.0, Carestream Health 
Inc) were used for volume calculation of the lesions with the 
aid of a semiautomatic method (Livewire Algorithm).16,17 
The software is supported by an algorithm that uses an active 
contour model in order to evolve and segment the lesions. In 
defining the volume of the surface voxels, a clear difference in 
pixel contrast (black/white) assisted the operator, increasing 
the ability to better adapt or correct the ischemic contour line 
even where it was less defined. The tumors were considered 
bulky, with well-defined margins (without any finger-like hy-
perintense signals on T2 TSE or T2 FLAIR sequences), while 
tumor margins with unclear and irregular signal intensity on 
T2 FLAIR sequences were considered diffuse.

Furthermore, T2 TSE or T2 FLAIR images of all the pa-
tients were normalized to Montreal Neurological Institute 
(MNI) space using the built-in normalizing software in DSI 
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studio (DSI Studio, http://dsi-studio.labso lver.org/downl 
oad-images).

2.3 | Probabilistic and frequency maps

The total lesion was successively manually segmented on 
original FLAIR images by the first author with DSI studio 
within the MNI space.18 Statistical maps of tumor location 
frequency were obtained by computing the cumulative num-
ber of observed lesions for each voxel and divide by the total 
amount of lesions.19

2.4 | Brain-Grid analysis

The Brain-Grid was created intersecting longitudinal lines on 
the axial, sagittal, and coronal planes on a T1-weighted average 
brain in the MNI space.16 Superficial and consistent cortical/

gyral anatomical landmarks were chosen based on their bilat-
eral symmetry and their relationship with the subcortical white 
matter architecture. The sulcus between the cingulum cortex 
and corpus callosum, the mammillary bodies, superior temporal 
sulcus, middle frontal sulcus, the midline, the parieto-occipital 
sulcus, the temporal-occipital junction, the anterior and pos-
terior insular point were selected as clear and consistent land-
marks. The Brain-Grid was constructed by three axial lines, two 
coronal lines, and three sagittal lines, whereas the intersection 
of these lines creates 48 grid voxels. Each voxel could be identi-
fied using simple nomenclature with radiological orientation. In 
the axial (A) plane, voxels are labeled 1-4, right to left direction. 
In the coronal (C) plane, voxels are labeled 1-3, cranio-caudal 
direction. In the sagittal (S), voxels are labeled 1-4, anterior-
posterior direction.16 In this study, the Brain-Grid analysis was 
performed in the MNI space using the built-in software of DSI 
studio (DSI Studio, http://dsi-studio.labso lver.org/downl oad-
images). The number of BG voxels involved by tumor lesion 
was recorded applying the Brain-Grid classification system in 

F I G U R E  1  The image shows the gradient maps reconstructed from the fusion of each tumor region within the MNI space (Z coordinates for 
each slice). In the upper part, the Brain-Grid System used as a reference for BG voxels count with sagittal, coronal and axial projection of the BG 
lines. In the lower part, the frequency of tumor location for the two populations is color graded (0%-25% in the gradient scale) according to the rate 
of voxel infiltration

http://dsi-studio.labsolver.org/download-images
http://dsi-studio.labsolver.org/download-images
http://dsi-studio.labsolver.org/download-images
http://dsi-studio.labsolver.org/download-images
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the MNI space using DSI studio (Figure 1). The tumor lesions 
were reclassified according to the Brain-Grid system to obtain 
quantitative and qualitative data.

2.5 | HCP 1021

The WU-Minn HCP consortium is an institutional, review 
board-approved, NIH-funded project.20 A group average 
template was constructed from a total of 1021 subjects. A 
multishell diffusion scheme was used. The b-values were 
990, 1985, and 2980 s/mm2 and the number of diffusion sam-
pling directions were 90, 90, and 90, respectively. The in-
plane resolution and the slice thickness were 1.25 mm. The 
diffusion data were reconstructed in the MNI space using q-
space diffeomorphic reconstruction21 to obtain the spin dis-
tribution function.22 A diffusion sampling length ratio of 2.5 
was used, and the output resolution was 1 mm. The restricted 
diffusion was quantified using restricted diffusion imaging.23

Major projection, commissural, and association white 
matter pathways were reconstructed within the HCP 1021 
template following the anatomical criteria previously pub-
lished with the Brain-Grid DTT reference atlas16 and matched 
with gradient maps for tumor frequency.

2.6 | Statistical analysis

Frequency distributions and summary statistics were calcu-
lated for all variables. The variables analyzed were age, side 
of tumor location, description of radiological border (bulky 
or diffuse), preoperative volume, number of BG voxels, in-
vasion of eloquent white matter pathways,19 and extent of re-
section (EOR). To investigated possible differences between 
subgroups of astrocytomas and oligodendrogliomas accord-
ing to their molecular status against the not confirmed groups 
(NOS, non-otherwise specified), we used Kruskal-Wallis test 
between IDHm, IDHwt, and astrocytomas NOS for numeri-
cal variables. Mann-Whitney U test for independent samples 
was used for comparison between confirmed oligodendro-
gliomas (LOH1p19q+) and oligodendrogliomas NOS for 
numerical variables. Pearson's chi-squared test was used for 
categorical variables analysis between subgroups.

To investigate differences in variables distribution be-
tween astrocytomas and oligodendrogliomas, a Mann-
Whitney U test for independent samples was used for group 
comparison for numerical variables. Pearson's chi-squared 
test was used for categorical variables.

We calculated survival probability using the Kaplan-Meier 
method,24 performing comparisons with the log-rank test to as-
sess the effect of variables on overall survival (OS). OS was cal-
culated from dates of biopsy or surgical intervention to death or 
last follow-up. For the number of BG voxels and tumor volume, 

an optimal cutoff choice in two groups was made according 
to receiver operating characteristics curves (ROC).25 We ex-
amined all variables in the proportional hazard analysis (Cox 
model26), to identify independent predictors of survival.

Univariate OS analyses using proportional hazards models 
were used to assess the prognostic significance of multiple vari-
ables. Forward step-wise proportional hazards modeling was 
performed to assess the relative and independent prognostic 
capacity of each parameter. A second block was used for inter-
action analysis between the more relevant categorical variables 
(infiltration of crucial white matter, side, radiological border, 
IDH status in astrocytomas and LOH status in oligodendrogli-
omas) and numerical variables (volume, number of BG voxels, 
EOR). All statistical analyses were performed at a significance 
level of P < .05. For analyses involving multiple categories, to 
minimize the problem of overstatement of statistical differences 
resulting from multiple comparisons, individual comparisons 
were considered for statistical significance only if the overall 
test was statistically significant. The statistical analysis was per-
formed using the statistical package SPSS 25.0 (SPSS, Inc).

3 |  RESULTS

3.1 | Patients and tumor characteristics

A total of 102 patients were retrospectively analyzed; accord-
ing to the histology, 62 were diagnosed with astrocytomas 
WHO grade II and 40 with oligodendrogliomas WHO grade 
II. A molecular analysis confirming the histological diagno-
sis according to WHO-2016 classification1 was performed 
in all the previously classified oligo-astrocytomas WHO-II 
(14 cases of which 6 were oligodendrogliomas and 8 were 
astrocytomas). In 41/62 astrocytomas, the molecular analy-
sis was available revealing 25 IDHm profile and 16 IDHwt. 
In the remaining 21 cases the IDH status was unavailable 
and therefore classified as astrocytomas NOS. In 26/40 oli-
godendrogliomas, the diagnosis was confirmed by molecu-
lar analysis (IDH mutation and LOH1p19q+). The patients 
without molecular confirmation were, however, included 
into the histological subgroups (matching radiological crite-
ria, histological criteria, and proliferation index level <5%) 
but considered as diffuse astrocytomas NOS and diffuse 
oligodendrogliomas NOS.1 Clinical and radiological charac-
teristics are presented in Table 1. The mean follow-up was 
6.4 years (range 0.5-17 years).

3.2 | Astrocytomas and oligodendrogliomas 
subgroup analysis

No significative differences were detected in astrocyto-
mas group among IDHm, IDHwt, and NOS regarding age 
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(P = .284), survival from diagnosis (P = .292), number of 
BG voxels (P = .123), volume (P = .504), EOR (P = .622), 
radiological borders (P = .089), and eloquent white matter 
infiltration (P = .58). In the oligodendrogliomas' group, no 
difference was displayed between LOH1p19q+ and NOS 
for age (P  =  .190), survival from diagnosis (P  =  .878), 
number of BG voxels (P  =  .474), volume (P  =  .492), 

EOR (P = .156), radiological borders (P = .399), and elo-
quent white matter infiltration (P =  .866). To test possi-
ble differences in outcome between subgroups a log-rank 
Mantel cox analysis was performed. In neither astrocyto-
mas (χ2 = 0.584; P = .747) nor oligodendrogliomas sub-
groups (χ2 = 0.16; P = .9) a significative difference was  
found.

T A B L E  1  Summary of the clinical and radiological data in the two populations. Independent samples Mann-Whitney U test was used for 
numerical variables for the two populations

Clinical and radiological variables Astrocytomas Oligodendrogliomas P-value

Number of patients 62 40

Mol-confirmed/NOS (IDHm-IDHwt) 41/21 (25-16) 26/14

Age (y) .231

Median (IQR) (range) 41.5 (28-56) (19-75) 43 (33-53) (23-65)

Gender

Male - n (%) 35 (56) 25 (62)

Female - n (%) 27 (44) 15 (38)

Epilepsy

Yes - n (%) 51 (82) 28 (70)

No - n (%) 11 (18) 12 (30)

Surgical indication 30 (75)

Resection - n (%) 41 (66) 10 (25)

Biopsy - n (%) 21 (34)

Surgical resection %

Median (IQR) 78 (62-98) 86 (69-100) .231

Survival from diagnosis years .583

Median (IQR) 6 (4-8.2) 6 (4-8)

Volume mL

Median (IQR) 47 (20-108) 62 (34-112) .103

Brain-Grid voxels n 7 (4-10) 8 (6-10.7) .128

Median (IQR)

Chi-squared df

Radiological border

Bulky - n (%) 24 (38.7) 11 (27.5)

Diffuse - n (%) 38 (61.3) 29 (72.5) 1.355 1 .244

Infiltrated eloquent WMa 

Infiltrated - n (%) 18 (29) 15 (37.5) 0.797 1 .372

Not infiltrated - n (%) 44 (71) 25 (62.5)

Side

Left - n (%) 33 (53.2) 16 (40)

Right - n (%) 24 (38.7) 20 (50) 0.162 2 .922

Bilateral - n (%) 5 (8.1) 4 (10)

Note: Categorical variables were analyzed with Pearson's chi-squared test.
Abbreviations: %, percentage within the same variable group; BG, Brain-Grid system; df, degree of freedom; F, female subjects; IDHm, IDH mutant; IDHwt, IDH wild 
type; IQR, interquartile range; M, male subjects; Mol-confirmed, histological diagnosis confirmed by additional molecular analysis (IDH—mutation for Astrocytomas 
and codeletion 1p19q for Oligodendrogliomas); n, number; WM, white matter.
aEloquent white matter refers to the study on intraoperative cortical-subcortical mapping illustrating the “minimal common brain”.19 
*Significance level of <.05 and confidence interval of 95%. 
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3.3 | Radiological features and Brain-
Grid analysis

According to the similar distribution of variables between 
the molecular confirmed and NOS subgroups, the radio-
logical/topographical analysis was further conducted on 
two main groups based on their histological profile. No 
significant difference between astrocytomas and oligoden-
drogliomas with regard to the frequency of radiological and 
topographical features was detected. Results are summa-
rized in Table 1. The Brain-Grid classification system was 
applied in all MRI scans. The quantitative analysis showed 
a median of 7 BG voxels infiltrated for the astrocytomas 
and 8 for the oligodendrogliomas. The qualitative analysis 
demonstrated that the A3-4C1S2 voxels (frontal cortical-
subcortical SMA on the left side) and the A3-4C2-3 S2 
(cortical-subcortical insular region on the left side) had the 
highest rate of invasion in patients with diffuse astrocyto-
mas. In patients with oligodendrogliomas, the A2-3C2-S1-2 

(fronto-mesial/fronto-striatal regions on both sides) were 
the most invaded BG voxels. The ROC curves for radio-
logical variables applied to survival, displayed an optimal 
cutoff value for tumor volume at 47 mL for astrocytomas 
and 62 mL for oligodendrogliomas, while the number of BG 
voxels optimal for a cutoff analysis was 7 BG voxels for 
astrocytomas and 10 for oligodendrogliomas.

3.4 | Gradient maps

Two gradient maps were built within the MNI space, merg-
ing all the tumor ROIs for astrocytomas and oligodendroglio-
mas (Figure 1). The highest tumor index was identified for 
astrocytomas within the fronto-temporo-insular region on the 
left side. Within the frontal and temporal regions, the gradi-
ent was higher at the subcortical level, whereas the insula 
was involved both cortical and subcortical. For oligodendro-
gliomas, the gradient maps displayed a high tumor index in 

F I G U R E  2  The image shows the frequency of invasion of commissural and projection pathways in astrocytomas and oligodendrogliomas 
using a gradient scale from the voxel-based analysis (0%-25% in the gradient scale) according to the rate of voxel infiltration. All the white matter 
pathways are tracked in MNI space according to the Brain-Grid tractography Atlas.16 AC, anterior commissure; Genu, anterior portion of corpus 
callosum; Body, middle portion of corpus callosum; FM, forceps major (posterior part of corpus callosum); Fo, fornix; R, right; L, left; A, anterior; 
P, posterior; TR, thalamic radiation; IC, fibers crossing the internal capsule; OR, Optic radiation; AR, Acoustic radiation
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both the frontal lobes but more specifically within the deep 
white matter of both sides, with symmetrical distribution. A 
qualitative analysis of the white matter tracts within the most 
invaded voxels was also performed with a gradient index for 
tumor frequency according to each white matter fiber system 
(Figures 2 and 3).

3.5 | Prognostic factors correlated with OS

The median survival in both astrocytomas and oligodendro-
gliomas was 6 years (interquartile range (IQR) 4-8.2 years 
for astrocytomas and 4-8 years for patients with oligodendro-
gliomas). OS at 5 years was 85% for the astrocytoma group 
and 82% for the oligodendroglioma group. Overall survival 
at 10 years was 47% for the astrocytoma group and 60% for 
the oligodendroglioma group. In the univariate analysis, we 
used the Kaplan-Meier method, with comparisons using the 

log-rank test (Figure 4) and side of invasion, preoperative 
tumor volume, number of BG voxels, infiltration of crucial 
white matter networks, EOR as explanatory variables.

In patients with astrocytomas, a shorter OS was demon-
strated if bilateral invasion was detected (P  =  .03), if 7 
or more BG voxels were invaded at the time of diagnosis 
(P = .04), and/or the anterior portion of the AF, IFOF, ante-
rior portion of IC (considered eloquent white matter) on the 
left side were invaded within the A3C2-S2 voxel (P = .04; 
Figure 4).

In patients with oligodendrogliomas, a shorter OS was 
demonstrated if preoperative volume was larger than 62 mL 
(P = .02), and if the number of BG voxels was higher than 
10 (P = .002).

The effect of EOR included more than two groups. With 
additional paired-wise analysis of the surgical results, the pa-
tients with diffuse astrocytomas had a better OS if the EOR 
was >90% compared with an EOR of <70% (P =  .02). In 

F I G U R E  3  The image shows the frequency of invasion of association pathways in astrocytomas and oligodendrogliomas using a gradient 
scale from the voxel-based analysis (0%-25% in the gradient scale) according to the rate of voxel infiltration. All the white matter pathways 
are tracked in the MNI space according to the Brain-Grid tractography Atlas.16 Ci, Cingulum; IFOF, Inferior Fronto-occipital fasciculus; FAT, 
Frontal Aslant tract; MLF, Middle longitudinal fasciculus; ILF, inferior longitudinal fasciculus; AF, Arcuate fasciculus; hSLF, horizontal 
indirect component of superior longitudinal fasciculus; vSLF, vertical indirect component of superior longitudinal fasciculus; VOF, vertical 
occipital fasciculus
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patients with oligodendrogliomas, a surgical resection rate 
>90% did not show an impact in OS compared with 70-90% 
and <70% EOR (Figure 4).

In the logistic regression model, the univariate analysis 
of hazard ratio demonstrated that the side of invasion and the 
EOR were statistically significant predictors of OS (Table 2) in 

F I G U R E  4  The image shows the result 
of survival probability using the Kaplan-
Meier method,24 performing comparisons 
with the log-rank test to assess the effect 
of variables on overall survival (OS). The 
Kaplan-Meier graphs show the difference 
in OS in relation to side of invasion, 
radiological border, tumor volume cutoff, 
Brain-Grid voxels cutoff, infiltration 
of eloquent white matter, and extent of 
resection. See text for details



5454 |   LATINI eT AL.

patients with diffuse astrocytomas. The number of Brain-Grid 
voxels and the infiltrated eloquent white matter or the IDH sta-
tus did not correlate with a significative impact on OS (Table 2).

In patients with oligodendrogliomas, preoperative large 
tumor volume (>62 mL) and the number of BG voxels (>10) 
demonstrated a statistically significant predictor for shorter 
OS (P < .05; Table 2).

Multivariate modeling was performed for each outcome 
measure using the following parameters: age, side of tumor, 
radiological border (bulky or diffuse), volume, involvement 
of eloquent white matter, Brain-Grid voxels, EOR, and mo-
lecular verification status. In the multivariate model, bilat-
eral tumor extension was the only independent predictor of 
shorter OS for patients with astrocytomas (P  =  .018, HR 
2.997, 95% CI 1.204-7.458). The volume, larger than 62 mL 
at diagnosis was the only independent predictor of shorter 
OS in the patients with oligodendrogliomas (P =  .006, HR 
1.012, 95% CI 1.003-1.021). The second level analysis be-
tween the variables demonstrated no significant interaction 
as increased risk for a shorter OS neither in astrocytomas nor 
in oligodendrogliomas (Table 2).

4 |  DISCUSSION

Our results showed no significant difference between the 
molecularly confirmed subgroups (IDHm vs IDHwt) and 
between confirmed and NOS groups for any of the radio-
logical or clinical features. Despite this result is in contrast 
with general biological implications regarding IDHwt diag-
nosis,1,27,28 we believe that they represent the very early stage 
of a more aggressive tumor with a similar radiological fea-
tures.28 Hence, since our aim was to investigate radiological 
topographical features in diffuse gliomas, the tumors were 
divided in two main groups and compared based on their his-
tological origin.

The most important result provided by our study is the 
clear difference in preferential location between histologi-
cal types of diffuse gliomas. Astrocytomas are preferentially 
located fronto-temporo-insular on the left side, while oligo-
dendrogliomas infiltrate the deep white matter of the frontal 
lobes bilaterally. Previous articles investigating preferential 
locations of diffuse gliomas, where different histological sub-
types and grades were considered as one single entity, did 

T A B L E  2  The upper part of the table shows the univariate OS analyses. Proportional hazards models were used to assess the prognostic 
significance of multiple variables OS in the two different groups: astrocytomas and oligodendrogliomas. The IDH status (IDH mutant, IDHm, or 
IDH wild type, IDHwt) was tested in astrocytomas only. The comparison between the molecular confirmation against the not otherwise specified 
(NOS) groups was tested in both astrocytomas and oligodendrogliomas

Analyzed variables

Astrocytomas Oligodendrogliomas

P HR 95% CI P HR 95% CI

Univariate analysis

Side of invasion - left/right/bilateral .012* 0.108 0.019–0.611 .614 1.709 0.212-13.748

Radiological border - bulky/diffuse .319 1.613 0.629-4.137 .172 0.355 0.080-1.570

Volume - >O c-off .122 0.508 0.216-1.197 .022* 0.314 0.117-0.848

Brain-Grid voxels - >O c-off .062 0.433 0.180-1.043 .017* 3.992 1.279-12.455

Eloquent WM (BG) - infiltrated .063 2.327 0.956-5.668 .904 1.064 0.386-2933

Extent of resection - GTR/STR .044* 0.363 0.135-972 .619 0.772 0.279-2.141

IDH status - IDHm/IDHwt .522 1.238 0.644-2.337

Molecular status - Confirmed/NOS .756 1.171 0.432-3.176 .902 1.078 0.324-3.589

Multivariate analysis

Side of invasion - bilateral .018* 2.997 1.204-7.458

Volume - >O c-off .006* 1.012 1.003-1.021

Interaction analysis

Volume × EOR .780 0.995 0.964-1.028 .943 1.002 0.950-1.056

Volume × Brain-Grid voxels .668 1.692 0.153-18.719 .280 7.703 0.190-312.645

Eloquent WM (BG) × EOR .629 0.994 0.972-1.017 .915 0.999 0.981-1.018

Brain-Grid voxels × EOR .629 0.994 0.991-1.031 .117 0.968 0.929-1.008

Note: The middle part of the table shows the forward step-wise proportional hazards modeling which was performed to assess the relative and independent prognostic 
capacity of each parameter. These two variables were selected by the equation as independent prognostic factors. The lower part of the table shows the interaction 
analysis as second block of the multivariate analysis for the most relevant variables: volume, EOR, Brain-Grid voxels and eloquent white matter.
Abbreviations: HR, hazard risk; O c-off, Optimal cutoff defined by ROC curves; OS, Overall survival.
*Statistically significant for P < .05. 



   | 5455LATINI eT AL.

not show similar distributions.2,3,5,19,29 Our results seem to 
radiologically confirm other studies suggesting a variability 
in terms of molecular biology among diffuse gliomas with 
regard to the tumor location,8-10 with a higher rate of 1p de-
letion in the anterior part of the brain (in particular in the 
frontal lobe)9 and a lower rate in the insula.8

The reasons for these differences are still unclear. Previous 
studies described LGGs as preferentially located in “second-
ary” functional areas, especially within the SMA and the 
insular lobe.5-7 Some authors suggest that preferential local-
ization might be explained by developmental, cyto- and mye-
loarchitectectonic, neurochemical, metabolic, and functional 
reasons.5,8 This could be possible especially regarding the 
insular localization, considering the anatomic, cytoarchitec-
tonic, and functional interface between the allocortex (limbic 
system) and the neocortex.5,8,30 However, when we looked 
at the differences between the groups regarding white matter 
localization/infiltration, the role of cortices as the origin of 
these tumors became less prominent.

Diffuse astrocytomas tended to significantly invade as-
sociation and projection white matter pathways between the 
insula and ventricles (Figures 2 and 3) within the fronto-tem-
poro-insular region (A3C2S2). The anterior-ventral portion 
of IFOF, the dorsal component of UF the anterior portion of 
AF, and the anterior ventral fibers system related to the inter-
nal capsule on the left side were the most frequently involved 
white matter pathways.

Diffuse oligodendrogliomas on the other hand, infiltrate 
larger and more heterogeneous white matter networks (as-
sociation-commissural-projection white matter pathways), 
preferentially between basal ganglia and the deep and mesial 
regions of the frontal lobe bilaterally (Figures 2 and 3). The 
IFOF and frontal aslant tract (FAT) bilaterally, genu and body 
of corpus callosum, the anterior portion of the AF mostly on 
the right side, the anterior portion of anterior thalamic radi-
ation (ATR) and internal capsule fibers on both sides were 
invaded with the highest frequency within the frontal mesial 
voxels bilaterally (A2-3C2-S1-2; Figures 1-3).

These topographical differences in the regions involved 
bear some similarities with the mechanisms of cell migration 
during brain development.31-33 The insula is among the first 
cortical regions to appear, and its development is linked to 
radial glial migration, which establishes the general cyto-ar-
chitectonical framework of the different forebrain subdivi-
sions from the ventricular zone to pia.31,33,34 After neuronal 
production ceases, radial glial cells retract their ventricular 
and pial attachments and differentiate into astrocytes.31,35-37 
The process of oligodendrocytes migration is regulated by 
a more prominent tangential migration, which increases the 
cellular complexity of forebrain circuits following preferen-
tial white matter tracts from the globus pallidus internus (in 
human, anterior entopeduncular nucleus in rodents and birds) 
to anterior and dorsal cortical regions.31,32,38-40

The differences in preferential location and white matter 
pathways invaded by tumors may reflect the different bio-
logical behaviors of the two groups of glia cells, suggesting 
abnormalities in cell migration at some point in the develop-
mental or the adult stage.31,33

Differences in types and amount of invaded white matter 
pathways may also reflect differences in terms of prognosis. 
Diffuse astrocytomas that preferentially invaded association 
and projection white matter networks on the left side within 
the fronto-temporo-insular BG voxel (A3C2S2) have a sig-
nificantly reduced OS (P  =  .02; Figure  4). If the eloquent 
white matter pathways were infiltrated, the patients had a 
slightly higher risk of shorter OS (HR 2.32), but this was, 
however, not statistically significant (P = .06; Table 2). The 
link between the impact of eloquent white matter and neu-
rological deficits in LGGs has been described in other stud-
ies that have shown surgical implications and limitations to 
speech and cognitive functions when the so-called “minimal 
common brain” on the left side was invaded.19,41-43 However, 
in our study only patients with diffuse astrocytomas displayed 
this impact of white matter on OS.

One possible reason may be the impact of surgical resec-
tion when the eloquent white matter is infiltrated. The im-
portance of EOR for the outcome in LGG patients is widely 
accepted.44,45 A supratotal resection or gross total resection 
is recommended to effectively change the natural history of 
this disease and possibly postpone anaplastic transforma-
tion.42,46,47 This achievement may be more difficult in as-
trocytomas than in oligodendrogliomas, where localization 
(closer to central core/invading basal ganglia) does not often 
allow a radical resection.19,48,49 Considering the locations and 
the white matter structures involved, the use of intraoperative 
monitoring is nowadays mandatory to preserve high order 
functions and an oncological-functional balance in low-grade 
gliomas.3,45,49 The advantages of awake surgery represents 
the best option when surgical management for these lesions is 
possible.19,43 This retrospective study has been performed at 
the beginning of our learning curve on the modern manage-
ment of low-grade gliomas, and therefore awake surgery was 
not offered to any of these patients. Despite this limitation, 
surgical treatment of diffuse astrocytomas that achieved an 
EOR > 90% was a prognostic factor for a longer OS com-
pared to other surgical strategies (Table 2; Figure 4). On the 
other hand, bilateral infiltration represented an independent 
factor for shorter OS in the same group (Table 2). This may 
be explained by a difference in the surgical management of 
these lesions. Tumors that had widely invaded neighboring 
structures were often managed with diagnostic biopsy instead 
of more aggressive strategy.42,48,49

In our study, the two groups also differed in their grade 
of invasiveness. We merged information on radiological 
borders, tumor volume (median volume of 46 mL for astro-
cytomas vs 62 mL for oligodendrogliomas), and number of 
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Brain-Grid voxels (median number of 7 for astrocytomas, 8 
for oligodendrogliomas) at the radiological diagnosis to bet-
ter detect the invasive behavior of each group. Radiological 
borders did not differ between the two groups (or sub-
groups) even if oligodendrogliomas displayed a higher rate 
of diffuse tumor (72%). Despite its potential importance, 
this aspect was, however, not correlated with a different 
OS (Table  2 and Figure  4). Tumor volume computation, 
on the other hand, represents a gold standard technique for 
LGG observation and prognosis.29,45,50-52 In our study, oli-
godendrogliomas showed a larger volume at diagnosis (62 
vs 46 mL) but without significative difference between the 
two groups (Table 1). Analyzed by their impact on OS, only 
oligodendrogliomas displayed a strong effect of preopera-
tive volume on a shorter OS (Table 2; Figure 4). We believe 
that this result should be carefully analyzed in the light of 
the intrinsic limitation of the 3-D volume computation: the 
lack of related topographical and qualitative information.16 
Tumors with the same volume can behave differently based 
on their location and radiological borders (bulky or diffuse). 
When only these two parameters are considered, we were 
unable to detect tumor invasiveness. The BG system allowed 
us to identify a new quantitative difference between the two 
groups in terms of invasiveness. The critical number of 7 
BG voxels for astrocytomas and 10 BG voxels infiltrated 
for oligodendrogliomas, significantly predicted the proba-
bility of a shorter OS in both groups (P  <  .05; Figure  4) 
and more consistently in oligodendrogliomas, where it can 
be considered a risk factor for the prognosis (Table 2). The 
number of BG voxels can represent a new prognostic vari-
able able to predict tumor invasiveness and its impact on OS 
and thereby suggest an advanced stage of tumor infiltration 
at the time of radiological diagnosis. Therefore, we suggest 
that this system should be used as complementary observa-
tional tool together with 3D tumor volume computation for 
a better pre-surgical planning and, for a better observation 
of tumor kinetics.

In summary, astrocytomas and oligodendrogliomas were 
very different in terms of anatomical/topographical features 
and invasiveness at the time of radiological diagnosis.

Diffuse astrocytomas displayed a preferential location for 
fronto-temporo-insular region on the left side and a smaller 
average volume, often with a diffuse radiological border. 
They tended to infiltrate association and projection white 
matter pathways between the insula and ventricles, and the 
critical cutoff of 7 BG voxels reflected a higher invasiveness 
able to predict a shorter OS.

Diffuse oligodendrogliomas, on the other hand, showed a 
preferential location for the subcortical region of the frontal 
lobes bilaterally, with larger volume and very often diffuse 
radiological borders. They preferentially infiltrated associa-
tion-commissural-projection white matter pathways between 
basal ganglia and the deep and mesial regions of the frontal 

lobe bilaterally, and the critical number of 10 BG voxels indi-
cated a high tumor invasiveness that was able to significantly 
predict a shorter OS.

We believe that a more extensive comprehension of the 
differences among subtypes of diffuse gliomas is essential 
to achieve better results with regard to OS. The information 
provided in this study can contribute to a better and more de-
tailed classification of diffuse gliomas through identification 
of differences in preferential location, a better prediction of 
biological behavior, and improved presurgical planning.

4.1 | Limitations

This study has some limitations. First, the histological diag-
nosis of the included patients may be incomplete according 
to the WHO-2016 classification criteria for brain tumors. The 
IDH mutation analysis and the 1p19q codeletion are the gold 
standard nowadays for the diagnosis and classification of gli-
omas.1 Because of the retrospective nature of this study, not 
all the patients had a molecular analysis available at the time 
of treatment and the methods and the histo-immunological 
criteria changed dramatically in the last 15 years. However, 
all the previously mixed oligoastrocytomas were reviewed 
in light of the new classification criteria. Moreover, the pro-
liferation index was taken into consideration and the histo-
logically WHO-III gliomas were not included in this case 
series showing our effort to analyze a more homogeneous 
population. Hence, all the NOS patients were included into 
the respective subgroups of histological diagnoses. Although 
this brings some diagnostic faults into the main groups, as 
the subgroup of tumors without the molecular classifications 
(LOH 1p19q and IDH, ie, NOS) will somewhat obscure the 
results, the differences we do see in the study, would most 
likely be larger rather than those presented, had all the tu-
mors been molecularly classified. In addition, since no dif-
ferences were detected in clinical or radiological variables 
among the subgroups (not even between IDHm and IDHwt), 
the topographical analysis was performed through gradient/
probabilistic maps on the two main groups (astrocytomas and 
oligodendrogliomas). Despite the already discussed differ-
ences in molecular profiles, we believe that this was the best 
choice to detect differences/similarities in tumor topography 
based on their histological origin.

A second criticism may arise regarding the intrinsic fea-
tures of the chosen variables. One may observe as expected 
that some variables, that is, volume and BG voxels, as well as 
infiltration of crucial white matter and resection grade may 
be related to each other. We choose to not perform a cor-
relation analysis which was beyond our aim. Correlation is 
used to determine the direction and strength of the relation-
ship between two variables which in our case are well known 
to move together (ie, the effect of eloquent white matter on 
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surgical resection, or the volume and number of BG voxels). 
Our aim was not to investigate the impact of a treatment or 
to find a numerical value expressing the relationship between 
the variables. With the regression model we wanted to deter-
mine the effect of independent variables on the OS and try to 
determine its variation.

The interaction analysis between the more relevant vari-
ables did not show a significantly combined effect on the 
HR supporting our decision. Aware of these limitations we 
believe that our results show substantial differences among 
topographical behavior of two different pathologies that share 
some molecular characteristics. Further biological studies, 
rather prospective, and with larger cohorts of patients will be 
able to confirm these results.

5 |  CONCLUSION

Diffuse astrocytomas and oligodendrogliomas display differ-
ences in preferential topographical location. This difference 
reflects the type and the amount of white matter structures 
involved at the time of radiologic diagnosis and affects the 
whole course of this disease. Tumor invasiveness analyzed 
with the BG system predicted shorter OS in both groups of 
tumors. This new information may be valuable in neurosurgi-
cal oncology to classify and plan the best treatment strategy 
in patients with diffuse gliomas.
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