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Lesion location implemented 
magnetic resonance imaging 
radiomics for predicting IDH and 
TERT promoter mutations in grade 
II/III gliomas
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Masayuki Mano2,19, Kanji Mori2,20, Koichi Ichimura4 & Yonehiro Kanemura2,17

Molecular biological characterization of tumors has become a pivotal procedure for glioma patient care. 
The aim of this study is to build conventional MRI-based radiomics model to predict genetic alterations 
within grade II/III gliomas attempting to implement lesion location information in the model to improve 
diagnostic accuracy. One-hundred and ninety-nine grade II/III gliomas patients were enrolled. Three 
molecular subtypes were identified: IDH1/2-mutant, IDH1/2-mutant with TERT promoter mutation, 
and IDH-wild type. A total of 109 radiomics features from 169 MRI datasets and location information 
from 199 datasets were extracted. Prediction modeling for genetic alteration was trained via LASSO 
regression for 111 datasets and validated by the remaining 58 datasets. IDH mutation was detected 
with an accuracy of 0.82 for the training set and 0.83 for the validation set without lesion location 
information. Diagnostic accuracy improved to 0.85 for the training set and 0.87 for the validation set 
when lesion location information was implemented. Diagnostic accuracy for predicting 3 molecular 
subtypes of grade II/III gliomas was 0.74 for the training set and 0.56 for the validation set with lesion 
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location information implemented. Conventional MRI-based radiomics is one of the most promising 
strategies that may lead to a non-invasive diagnostic technique for molecular characterization of grade 
II/III gliomas.

Molecular biological characterization of tumors has become a pivotal procedure for glioma patient care. 
Identifying IDH1/2 mutation and 1p/19q chromosomal codeletion is now essential for the final pathological 
diagnosis of either an astrocytic or oligodendroglial tumor1–4. These molecular markers can be further utilized 
for predicting sensitivity of the tumor to chemotherapy and radiation and for further prognostication of the 
patient3,4. Unfortunately, current technology does not allow non-invasive detection of these molecular mark-
ers in gliomas, which necessitates direct tumor sampling via surgical removal of the tumor. Although aggres-
sive removal of the tumor is thought to be beneficial for all of the patients suffering gliomas5,6, it is also true 
that some epidemiological researches have questioned the role of surgery in oligodendroglial tumors, as this 
type of tumor is extremely sensitive to chemotherapy and radiation7,8. Many previous studies have attempted to 
non-invasively predict IDH1/2 mutation9–13 or 1p/19q codeletion14–16 with various radiological modalities includ-
ing conventional magnetic resonance imaging (MRI), advanced MRI such as diffusion and perfusion imaging, 
and molecular imaging using various nuclear medicine tracers. On the other hand, researchers in the field of 
radiology have become increasingly interested in multiple image texture features and lesion location analysis. 
Simultaneous multi-parametric quantification of radiological images is thought to enable image-based clustering 
of neoplasms. This newly emerging technique, named radiomics, may be useful for characterizing and identifying 
the tumor’s biological behaviors, which are defined by its inherent molecular biological nature. Thus, radiomics 
has the potential to non-invasively predict the molecular biological status of the tumor17–22. Preceding studies 
have attempted to detect genetic mutations within lung cancers or identify radiological features that correlate with 
glioblastoma patient prognosis23,24. These previous attempts mainly focused on performing texture analysis of the 
lesions under the hypothesis that different tumors with different genetic background will present their unique 
textures on radiological images. In the current report, the authors further pursuit the possibility of implement-
ing lesion locations into magnetic resonance imaging (MRI) radiomics and devised a method for non-invasive 
molecular biological diagnosis of World Health Organization (WHO) grade II and III gliomas (grade II/III glio-
mas) using conventional MRI alone.

Methods
Patient cohort. This study was carried out in accordance with the principles of the Helsinki Declaration, and 
approval was obtained from the internal ethical review boards of Osaka International Cancer Institute (approval 
number: 1306055036), Osaka University Graduate School of Medicine (approval number: 13244), and all collab-
orative institutes. Written informed consent was obtained from all patients.

Inclusion criteria for the present study were as follows: 20 years of age or older, frozen or fresh tissue availa-
ble for genomic analysis, MRI data including T2-weighted images available before the initial surgery, and local 
diagnosis of lower grade (WHO grade II-III) glioma based on the fourth edition of WHO Classification (WHO 
2007)25. Finally, 199 cases from 11 institutions were eligible for analysis. Frozen or fresh tumor samples were 
obtained at the time of surgery. Tumor genomic DNA was extracted for genetic analysis. Clinical information of 
each case including age, sex, survival time, local diagnosis, and steroid use before image acquisition was collected 
from the medical records at each institution. Overall survival was determined as the time from the date of the 
initial surgery for diagnosis to the date of death or the last follow-up. The survival data were analyzed with the 
log-rank test and univariate and multivariate Cox regression analyses. Details are shown in Table S1.

MRI. All MRIs analyzed in the present study were preoperatively acquired using either 1.5- or 3.0- MRI scan-
ners according to the protocols in each institution. T2-weighted images were available in all cases. FLAIR and 
T1-weighted images were obtained in 179 and 194 cases, respectively. T1-weighted images after gadolinium 
enhancement were also available in 194 cases. Details are shown in Supplementary dataset.

Diagnosis and central pathology. All cases were subjected to central pathology review by senior neuro-
pathologists. Integrated diagnosis was made based on microscopic histological diagnosis and the status of IDH1/2 
and 1p/19q copy number in compliance with the CNS WHO201626.

Genetic analysis. Genetic analyses were performed in two laboratories: the Osaka National Hospital (ONH), 
Osaka, Japan and the National Cancer Center Research Institute (NCC), Tokyo, Japan. Hotspot mutations of 
IDH1/2 (codon 132 of IDH1 and codon 172 of IDH2) and the TERT promoter (termed C228 and C250) were 
assessed by Sanger sequencing and/or pyrosequencing at either lab. 1p/19q copy number status was analyzed with 
multiplex ligation-dependent probe amplification in a unified workflow at either lab. Detailed information of the 
genetic analysis for IDH1/2, TERT, and 1p/19q can be found in a previous publication27. The methylation status 
of the MGMT promoter was analyzed and assessed by qPCR at ONH or by pyrosequencing after bisulfite mod-
ification at NCC. Detailed information of pyrosequencing and qPCR for MGMT was described previously27,28.

Radiomics. Radiomic analyses (radiomics) were conducted by in-house-developed image analyzing soft-
ware in combination with Oxford Centre for Functional MRI of the Brain (FMRIB) Linear Image Registration 
Tool (FLIRT) provided by FMRIB Software Library (FSL)29–31. The in-house software was developed in Matlab 
(Mathworks, Natick, MA), and seamless data transfer was carried out between Matlab-based in-house software 
and FSL via FSL integration into Matlab. All Digital Imaging and Communications in Medicine format images 
were first converted to Neuroimaging Informatics Technology Initiative (NIfTI) format using MRIconvert 
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(University of Oregon Lewis Center for Neuroimaging: http://lcni.uoregon.edu/jolinda/MRIConvert/), followed 
by 256 gray-scale level conversion. For, non-contrast T1-weighted, gadolinium contrast-enhanced T1-weighted, 
and FLAIR images, voxels that were in the top 0.1% in intensity were deleted as they were mainly high signal 
noises, and the remaining 99.9% were reallocated in 256 gray-scale. For T2-weighted images, 100% of the data 
range was reallocated in 256 gray-scale. This procedure was necessary for intensity normalization across all images 
acquired by different MR scanners. Furthermore, T2Edge images were constructed by applying a Prewitt filter to 
T2-weighted images. Gdzscore images were also constructed by performing a voxel-wise contrast enhancement 
calculation using non-contrast and gadolinium contrast-enhanced T1-weighted images. Detailed methods can 
be found in Table S1. Tumors were delineated by manually tracing high-intensity lesions on T2-weighted images 
in three dimensions by an experienced surgical neuro-oncologist (M.K.).

First, NIfTI data of the T2-weighted images were registered to a 1.0-mm isotropic, high-resolution 
T1-weighted brain atlas provided by the MNI152 using a mutual information algorithm with a 12-degree of free-
dom transformation with FSL-FLIRT. This procedure was necessary to perform lesion mapping of the tumors in 
standard MNI152 space. Next, all different image sequences obtained from a single subject were co-registered to 
each other using FSL-FLIRT to obtain transformation matrices of different image sequences. Three-dimensional 
lesion VOIs modeled on T2-weighted images as mentioned-above were further used for radiomics and registered 
to different MR sequences including MNI152 using the transformation matrices calculated by FSL-FLIRT. VOIs 
registered to MNI152 were used for location mapping. Three different aspects of the tumor were measured, i.e., 
histogram-based first-order texture, shape of the tumor, and location (Table S1).

Statistical analysis and predictive modeling. Statistical analysis was performed by M.K. and a biostat-
istician (A.K.). Survival analysis was performed with the Kaplan-Meier method with multiple group comparison 
using proportional hazard. A correlation matrix of the radiomic features was calculated and visualized. These 
analyses were performed by JMP Pro ver.13 (SAS, Cary, NC). Random permutation analysis was performed to 
test the statistical significance of differences in lesion occurrence between the three different molecular subtypes 
of grade II/III gliomas in this cohort, similar to the method described previously32–34. In short, a voxel-wise 
two-tailed Fisher’ exact test for a 3 × 2 contingency table, which compared three different molecular subtypes of 
grade II/III gliomas and lesion-positive with lesion-negative, was conducted with all voxels containing at least one 
lesion occurrence; the p value threshold was set at 0.05. A cluster-based permutation correction was performed 
for multiple comparison correction, in which the statistical testing was repeated 500 times with grade II/III glio-
mas lesions randomly reassigned to three different molecular subtypes of grade II/III gliomas.

Predictive modeling was performed based on least absolute shrinkage and selection operator (LASSO) 
method to select features that were most significant to build predictive models for identifying genetic mutations 
of the tumor. λ which is the tuning parameter for LASSO was selected for which the cross-validation error is 
smallest (λ_min). The final predictive models were refit using the significant components chosen by LASSO and 
λ_min. Calculation was performed on R using the Glmnet package using 109 radiomic features and 169 datasets, 
which had T1-, T2-weighted, FLAIR, and gadolinium-enhanced T1-weighted images available. These 169 data-
sets were divided randomly but balancing institutions into 111 training datasets and 58 validation datasets. The 
constructed predictive model using the training datasets were then applied to the validation datasets, which was 
randomly selected from the pooled 169 datasets to examine the validity of the constructed model. The codes and 
data used for analysis are provided as supplementary materials. The R code for Lasso regression is available in 
Table S2 and the data used for this code is provided as dataset171101Train.csv and dataset171101Validation.csv.

Data and materials availability. Raw analyzed data are available in Supplementary dataset.

Results
Cohort validation. A total of 199 in-house diagnosed grade II/III gliomas were retrospectively collected 
and molecular subtype was determined following surgical removal of the tumor. IDH1/2 and TERT promoter 
mutations were used for molecular subtype classification. One hundred twenty-nine cases (64.8% of all cases) 
harbored the hotspot mutation in IDH1/2. TERT promoter mutations were observed in 93 cases (46.7% of all 
cases). 1p/19q status was obtained for all but three cases. Sixty-six cases (33.7%, 66/196) exhibited 1p/19q codele-
tion. 1p/19q status was available for all but one case in the group with mutations in both IDH1/2 and TERT, and 
the great majority of this group overlapped with 1p/19q-codeleted tumors. Three types of molecular subtypes 
were identified: IDH1/2-mutant (IDH-mutant astrocytomas), IDH1/2-mutant with TERT promoter mutation 
(IDH, TERT co-mutated oligodendrogliomas), and IDH-wild type (IDH-wildtype astrocytomas). TERT promoter 
mutation was preferably used over 1p/19q codeletion for molecular subtyping of the tumor according to previous 
reports that confirmed that this genetic mutation is prognostic2,27. Central pathological examination suggested 
that three cases that were diagnosed in-house as WHO grade III could possibly be WHO grade IV (Fig. 1A and 
Supplementary dataset).

The prognosis of each group was consistent with investigation of other previous large cohorts, thus validat-
ing further use of this cohort as a representative grade II/III gliomas population. IDH, TERT co-mutated oligo-
dendrogliomas showed the most favorable prognosis followed by IDH-mutant astrocytomas only. IDH-wildtype 
astrocytomas had the worst prognosis (Fig. 1B). Radiomics was performed with conventional MRI of this grade 
II/III gliomas cohort. Lesions were segmented in three dimensions based on T2-weighted images, and locations, 
textures, and shapes of the lesions were analyzed (Fig. 1C and Table S1).

Location analysis of different molecular subtypes for grade II/III gliomas. Voxels of interest 
(VOIs) were registered to the standard anatomical MR atlas, Montreal Neurological Institute (MNI152), and the 
lesions were mapped on the atlas. When the laterality of the lesions was ignored and mapped on MNI152, the 
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three subtypes of grade II/III gliomas showed different distinct locations. IDH-mutant astrocytomas preferably 
involved the temporal lobe and the frontal lobe to some extent. IDH, TERT co-mutated oligodendrogliomas 
preferably involved the frontal lobe. We also noted that the medial frontal cortex was a unique location for this 
type of tumor. On the other hand, IDH-wildtype astrocytomas occupied the parietal lobe and to some extent 
the temporal lobe with little frontal lobe involvement (Fig. 1D, Fig. S1–3). This tendency was maintained even 
when the laterality of the lesions was preserved during location analysis via random permutation analysis, and 
we confirmed that the frontal and temporal lobes were locations that unevenly involved the different molecular 
subtypes of grade II/III gliomas (Fig. 1E and S4). Locations of the VOIs were further quantified by calculating 
the occupancy ratio of the VOIs on two different brain segmentation atlases, namely the “MNI structural atlas”35 
and “Harvard-Oxford cortical structural atlas”36 (Table S1). The “MNI structural atlas” segments the brain in 10 
different anatomical locations including the deep white matter. The “Harvard-Oxford cortical structural atlas”, on 
the other hand, segments the cortical anatomy into 49 locations, which atlas further looks into cortical anatomy 
more in detail compared to “MNI structural atlas”, but does not provide information on the deep white matter.

Radiomics of grade II/III gliomas. A total of 109 radiomic features were quantified and collected (Fig. 2A, 
Table S3). A correlation metric of the 109 radiomic features is shown in Fig. 3 and indicates little redundancy. 
We assessed 169 complete datasets that included T1-weighted, T2-weighted, fluid attenuated inversion recovery 
(FLAIR), and gadolinium contrast-enhanced images. Eleven features were significantly different among the three 
molecular subtypes of grade II/III gliomas (p < 0.001, one-way ANOVA, Fig. 2B), 13 features were significantly 
different with a p value ranging from 0.001 to less than 0.01, and 15 features were significantly different with a 
p value ranging from 0.01 to less than 0.05 (Table S3). Of the 11 features with a p value of less than 0.001, four 
were related to T2-weighted images, two to T1-weighted images, one to gadolinium contrast-enhanced images, 
another to the VOI shape, and three to location. For the three location-related parameters, MNI_str_loc.01 and 
HrvdOxf_loc.01 are segments of the brain that both correspond to the white matter, the values of which are 
assigned as “0” in the original atlas. IDH-wildtype astrocytomas showed higher occupancy in the white matter 
than other groups, as both MNI_str_loc.01 and HrvdOxf_loc.01 were highest for IDH-wildtype astrocytomas. 
MNI_str_loc.04, with an original value of “3,” corresponds to the frontal lobe, which showed the lowest value in 
IDH-wildtype astrocytomas.

Predicting IDH mutation status of grade II/III gliomas via lesion location implemented radiomics.  
A discrimination model for predicting IDH mutation of grade II/III gliomas was constructed using a LASSO 
regression algorithm. Texture information with or without lesion location information was utilized for predictive 

Figure 1. Overview of the analyzed cohort and image analyses (radiomics) with voxel-based lesion mapping. 
(A) Landscape of genetic and pathological lesions of the cohort is presented. Genetic status and central 
pathological reviews are shown by color as indicated. (B) Kaplan-Meier curves for the three types of tumors 
from the analyzed cohort are presented. Hazard ratios (HR) were calculated by considering the IDH, TERT 
co-mutated oligo. group as a reference. (C) Overview of radiomics is presented. Detailed methods for analysis 
are descried in Table S2. (D) Color-coded voxel-wise lesion mapping of the three different molecular subtypes 
of this cohort. Frequency of the locations of the brain affected by each molecular subtype are color coded as 
indicated. Detailed mapping is provided in Fig. S1–3. (E) Random permutation analysis shows locations that 
exhibited statistically significant differences in spatial distribution of the lesion among the three different 
molecular subtypes of the analyzed cohort. Detailed mapping is provided in Fig. S4.
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Figure 2. Radiomics measurements. (A) Overview of radiomics of the current grade II/III gliomas cohort is 
shown. Major components of the analysis are listed on the left side of the figure in rows. (B) Measurements 
with an extremely low p value (<0.001) with one-way ANOVA are presented. Each colored bar represents the 
different molecular subtype of the tumor as in (A). Data are presented as the mean ± standard deviation. More 
details can be found in Tables S1 and 3.

Figure 3. Correlation matrix heat map of radiomics. The correlation matrix of all radiomic parameters is 
visualized in a heat map. The magnitude of the correlation is indicated in the color bar.
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model construction. Lesion location information deriving from the “MNI structural atlas” was adopted for this 
attempt, as location information including that of the deep white matter is necessary. Diagnostic accuracy with-
out lesion location information was as high as 0.82 for the training set and 0.83 for the validation set (Fig. 4A). 
This accuracy further improved to 0.85 (p = 0.01) and 0.87 (p = 0.04) respectively by including lesion location 
information (Fig. 4A). Sensitivity and negative predictive value also improved significantly by implementing 
lesion location information in predictive modeling. Significant radiomic components that were selected for pre-
dictive modeling is shown in Fig. 4B. Again, frontal lobe tumor involvement (MNI_str_loc.04) was one of the 
most significant features for being the tumor to be IDH-mutated, while the magnitude of contrast enhancement 
(Gdzscore_ara.of.Gd.) was for IDH-wildtype.

Predicting 3 molecular subtypes of grade II/III gliomas via lesion location implemented radiomics.  
A discrimination model for predicting 3 molecular subtypes of grade II/III gliomas was constructed using a 
LASSO regression algorithm. Texture information with lesion location information was utilized for predictive 
model construction. Lesion location information deriving from the “Harvard-Oxford cortical structural atlas” 
was adopted for this attempt contrasting the above-mentioned attempt to predict IDH mutation. This was because 
more detailed information was thought necessary to discriminate IDH-mutant astrocytomas from IDH and TERT 
co-mutated oligodendrogliomas, however, losing location information related to the deep white matter by aban-
doning “MNI structural atlas”. Using both information was avoided as some part of the information may be 
redundant. Many location related radiomic components along with texture information were considered signif-
icant for predictive modeling (Fig. 5A–C). Overall diagnostic accuracy was 0.74 for the training set and 0.56 for 
the validation set (Fig. 5D) while the expected value would be 0.33 as this is a 3-group classification problem.

Discussion
This investigation is one of the few that tested the hypothesis that genetic alterations in grade II/III gliomas can 
be distinguished with images obtained by conventional MRI and that these images can be predictive for deter-
mining molecular subtypes of grade II/III gliomas. Genetic characterization of grade II/III gliomas has become 
one of the most crucial practices in the management of this neoplasm. Genetic analyses of grade II/III gliomas 
using large-scale cohorts revealed several key molecular alterations in grade II/III gliomas that are biologically 
and clinically significant1–4. Such mutations include IDH1/2 mutation, 1p/19q codeletion, and TERT promoter 
mutation. IDH1/2-mutant tumors either present with or without 1p/19q codeletion. 1p/19q codeletion usually 
overlaps with TERT promoter mutation, which was reproduced in the current cohort1,2. These three genetic alter-
ations are considered “truncal mutations” that occur in one of the earliest phases of oncogenesis1. From a clinical 
perspective, these mutations are predictive and prognostic for grade II/III glioma patients. While extent of tumor 
resection and residual tumor volume has been shown to be significant prognostic factors for low grade glio-
mas5–7,37,38, IDH1/2-mutant and 1p/19q codeleted tumors are extremely sensitive to chemotherapy and radiation 

Figure 4. IDH mutation predictive modeling with and without lesion location information radiomics. (A) 
Overall diagnostic accuracy for the training set and the validation set is shown. Diagnostic accuracy without 
lesion location information was as high as 0.82 for the training set and 0.83 for the validation set. This accuracy 
further improved to 0.85 (p = 0.01) and 0.87 (p = 0.04) respectively by including lesion location info. Sensitivity 
and negative predictive value also improved significantly by implementing lesion location information in 
predictive modeling (*p < 0.05). (B) Radiomic components significant for predictive modeling is shown. 
Frontal lobe tumor involvement (MNI_str_loc.04) was one of the most significant features for being the tumor 
to be IDH mutated, while the magnitude of contrast enhancement (Gdzscore_ara.of.Gd.) was for IDH-wt. 
Averages and standard deviations of 5 repetitive analyses are shown for both (A) and (B). PPV stands for 
“positive predictive value” and NPP for “negative predictive value”.
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and it was reported that extent of resection was not prognostic for this type of tumor7,8, which oncological fea-
ture is less prominent in IDH1/2-mutant and 1p/19q non-codeleted gliomas5–7,38. On the other hand, although 
IDH-wild-type tumors may be diagnosed as WHO grade II or III, they are associated with an extremely poor 
prognosis, similar to that of glioblastoma1,2. These genetic alterations are detected by direct examination of the 
resected tumor specimen using immunohistochemistry, fluorescence in situ hybridization, and DNA sequencing. 
A non-invasive method of identifying a subset of patients who could benefit from radiation and chemotherapy 
rather than from surgical removal would reduce the burden and the unnecessary risk to those patients. Several 
attempts have been made to achieve this objective in the past. For example, tumors with IDH1/2 mutation accu-
mulate 2-hydroxyglutarate (2-HG) within the tumor, and magnetic resonance spectroscopy (MRS) is thought to 
be a promising technique to non-invasively detect 2-HG and thus suggest IDH1/2 mutation of the tumor. Past 
MRS investigations were able to image 2-HG presence12,13. This technique, however, is still not available in routine 
clinical imaging. Another modality that is gaining interest is perfusion MRI. One study analyzed 73 dynamic 
susceptibility contrast-enhanced MRIs and showed that IDH1/2-mutant WHO grade II and III tumors tend to 
present with lower regional cerebral blood volume than IDH-wildtype tumors9, with another similar investigation 
reporting the same trend10.

As these “advanced” MRI techniques depend on technologies for which the optimum settings for various 
parameters are still undetermined, a few studies have been conducted to develop a method to predict the molec-
ular status of gliomas by analyzing standard MRI. These studies have clearly suggested that the inherent nature of 
these tumors including their molecular characteristics can be detected on radiological images. IDH1/2-mutant 
tumors tend to occur in the frontal or temporal lobe, and this information is valuable for predicting whether a 
lesion that appears to be a WHO grade II or III glioma harbors this mutation39–41. Furthermore, textures of the 
lesion are also informative for predicting the molecular status of grade II/III gliomas14,42. A sharp tumor border 
and heterogeneity of the lesion provide an image surrogate for identification of 1p/19q codeletion status14 or 
IDH1/2 mutation42.

Recently more advanced image analyses have been reported to predict genetic alterations in grade II/III glio-
mas19,20,43,44. These analyses have taken advantage of radiomics and machine learning algorithms to comprehen-
sively and quantitatively analyze the radiological images of each tumor and use those measurements to construct a 
predictive model to identify the genetic status or determine prognostic image biomarkers of the neoplasm. Other 
types of cancer such as glioblastoma, breast cancer, and lung cancer have been extensively explored to assess the 
usefulness of this novel emerging technique. Some image biomarkers may now be informative for predicting 
MGMT promoter methylation status or prognosis of glioblastoma22,45,46, for prognosis for breast cancer47,48, and 

Figure 5. Radiomics predictive modeling for 3 genetic subtypes of grade II/III gliomas. (A~C) Significant 
radiomic components for predicting modeling enabling diagnosing 3 genetic subtypes of grade II/III gliomas 
are shown. (D) Overall diagnostic accuracies were 0.74 for the training set and 0.56 for the validation set. The 
confusion matrix is also shown to elucidate correctly and miss classified components. Averages and standard 
deviations of 5 repetitive analyses are shown for all the data.
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for predicting EGFR mutation status or prognosis of non-small cell lung cancer23,24. The current investigation is 
one of the few that focused on radiomics and grade II/III gliomas molecular status. Although similar attempts 
have been made to identify IDH1/2 mutation and 1p/19q codeletion via radiomics, most of them included glio-
blastomas within the analyzed cohort, and only several of them focused on grade II/III gliomas20,43,44. The preset 
research is also unique in that it took an approach to implement lesion location information into texture based 
radiomics as tumor location was considered a key feature of grade II/III gliomas that illustrates its inherent bio-
logical characteristics. The problem of handing location information was solved by performing lesion mapping 
on the standard MNI152 space and utilizing publicly available brain segmentation templates, which procedure 
converts spatial information into numerical data suitable for further modeling. By performing this analysis, it was 
clearly shown that IDH-wildtype astrocytoms preferentially localized in the white matter, and IDH1/2-mutant 
astrocytomas in the frontal, insular, and temporal lobe. We also noted that the medial frontal cortex was a location 
specific for IDH1/2-mutant with TERT promoter mutant oligodendrogliomas (Fig. 1D). Lesion location infor-
mation was crucial for constructing a predictive model to identify molecular subtypes of the tumor (Figs 4 and 
5). As a matter of fact, implementing lesion location information significantly improved prediction accuracy of 
IDH mutation status of grade II/III gliomas from 0.83 to 0.87 in the validation set. Other texture or histogram fea-
tures measured from different MR sequences were also valuable for constructing the model (Figs 4 and 5), which 
suggests that all images analyzed, i.e., T1-, T2-weighted, FLAIR, and gadolinium contrast-enhanced images, rep-
resent different aspects of the tumor. In the end, the build model was able to achieve an accuracy of 0.85 for the 
training and 0.87 for the validation set in terms of predicting IDH mutation status of grade II/III gliomas, which 
is comparable or superior to previous reports as the current report performed the accuracy of the built model 
using a validation dataset.

On the other hand, although prediction accuracy of 3 molecular subtypes of grade II/III gliomas (0.74 for 
the training set and 0.56 for the validation set) was higher than the expected value (0.33), the modest prediction 
accuracy illustrates the need for implementing second-order texture analysis or adding more MR sequences such 
as diffusion and perfusion images to improve prediction accuracy. Comparison with other radiomic analytic tools 
will also be required for cross-validation among different radiomic algorithms.

Conclusions
The authors devised an MRI lesion location implemented radiomics-based predictive model for determining 
molecular subtypes of grade II/III gliomas. IDH mutation can be predicted with an accuracy of 0.85 to 0.87, which 
accuracy improved by implementing lesion location information. Prediction accuracy of 3 molecular subtypes 
of grade II/III gliomas ranged from 0.56 to 0.74, requiring more tuning for clinical application. Although vali-
dation and more extensive testing are necessary to perfect this technology for real clinical use, radiomics-based 
non-invasive prediction of molecular subtypes of grade II/III gliomas is a promising approach to personalized 
medicine in the field of glioma treatment, which technology could highly impact treatment workflow of this dis-
ease including tumor genetic information-implemented presurgical planning of gliomas.

References
 1. Suzuki, H. et al. Mutational landscape and clonal architecture in grade II and III gliomas. Nature Genetics 47, 458–468 (2015).
 2. Eckel-Passow, J. E. et al. Glioma Groups Based on 1p/19q, IDH, and TERT Promoter Mutations in Tumors. N. Engl. J. Med. 372, 

150610140038004–2508 (2015).
 3. Cairncross, G. et al. Phase III Trial of Chemoradiotherapy for Anaplastic Oligodendroglioma: Long-Term Results of RTOG 9402. 

Journal of Clinical Oncology 31, 337–343 (2013).
 4. Buckner, J. C. et al. Radiation plus Procarbazine, CCNU, and Vincristine in Low-Grade Glioma. N Engl J Med 374, 1344–1355 

(2016).
 5. Smith, J. S. et al. Role of extent of resection in the long-term outcome of low-grade hemispheric gliomas. J. Clin. Oncol. 26, 

1338–1345 (2008).
 6. Capelle, L. et al. Spontaneous and therapeutic prognostic factors in adult hemispheric World Health Organization Grade II gliomas: 

a series of 1097 cases: clinical article. J. Neurosurg. 118, 1157–1168 (2013).
 7. Nitta, M. et al. Updated therapeutic strategy for adult low-grade glioma stratified by resection and tumor subtype. Neurol. Med. Chir. 

(Tokyo) 53, 447–454 (2013).
 8. Alattar, A. A. et al. Oligodendroglioma resection: a Surveillance, Epidemiology, and End Results (SEER) analysis. J. Neurosurg. 1–8 

https://doi.org/10.3171/2016.11.JNS161974 (2017).
 9. Kickingereder, P. et al. IDH mutation status is associated with a distinct hypoxia/angiogenesis transcriptome signature which is non-

invasively predictable with rCBV imaging in human glioma. Sci. Rep. 5, 16238 (2015).
 10. Leu, K. Perfusion and diffusion MRI signatures in histologic and genetic subtypes of WHO grade II–III diffuse gliomas. J Neurooncol 

0, 0–0 (2017).
 11. Andronesi, O. C. et al. Detection of oncogenic IDH1 mutations using magnetic resonance spectroscopy of 2-hydroxyglutarate. J. 

Clin. Invest. 123, 3659–3663 (2013).
 12. Choi, C. et al. 2-hydroxyglutarate detection by magnetic resonance spectroscopy in IDH-mutated patients with gliomas. Nature 

Medicine 18, 624–629 (2012).
 13. Andronesi, O. C. et al. Detection of 2-hydroxyglutarate in IDH-mutated glioma patients by in vivo spectral-editing and 2D 

correlation magnetic resonance spectroscopy. Sci Transl Med 4, 116ra4 (2012).
 14. Kim, J. W. et al. Relationship between radiological characteristics and combined 1p and 19q deletion in World Health Organization 

grade III oligodendroglial tumours. Journal of Neurology, Neurosurgery & Psychiatry 82, 224–227 (2011).
 15. Chawla, S. et al. Differentiation between Oligodendroglioma Genotypes Using Dynamic Susceptibility Contrast Perfusion-Weighted 

Imaging and Proton MR Spectroscopy. American Journal of Neuroradiology 34, 1542–1549 (2013).
 16. Brown, R. et al. The Use of Magnetic Resonance Imaging to Noninvasively Detect Genetic Signatures in Oligodendroglioma. Clin. 

Cancer Res. 14, 2357–2362 (2008).
 17. Smits, M. & van den Bent, M. J. Imaging Correlates of Adult Glioma Genotypes. Radiology 284, 316–331 (2017).
 18. Hu, L. S. et al. Radiogenomics to characterize regional genetic heterogeneity in glioblastoma. Neuro-Oncology 19, 128–137 (2017).
 19. Zhang, B. et al. Multimodal MRI features predict isocitrate dehydrogenase genotype in high-grade gliomas. Neuro-Oncology 19, 

109–117 (2016).
 20. Zhou, H. et al. MRI features predict survival and molecular markers in diffuse lower-grade gliomas. Neuro-Oncology 19, 862–870 (2017).

http://dx.doi.org/10.3171/2016.11.JNS161974


www.nature.com/scientificreports/

9SCIeNTIfIC RepORTs |  (2018) 8:11773  | DOI:10.1038/s41598-018-30273-4

 21. Drabycz, S. et al. An analysis of image texture, tumor location, and MGMT promoter methylation in glioblastoma using magnetic 
resonance imaging. NeuroImage 49, 1398–1405 (2010).

 22. Kickingereder, P. et al. Radiomic Profiling of Glioblastoma: Identifying an Imaging Predictor of Patient Survival with Improved 
Performance over Established Clinical and Radiologic Risk Models. Radiology 160845, https://doi.org/10.1148/radiol.2016160845 (2016).

 23. Gevaert, O. et al. Predictive radiogenomics modeling of EGFR mutation status in lung cancer. Sci. Rep. 7, 41674 (2017).
 24. Aerts, H. J. W. L. et al. Decoding tumour phenotype by noninvasive imaging using a quantitative radiomics approach. Nat Commun 

5, 4006 (2014).
 25. International Agency for Research on Cancer. WHO Classification of Tumours of the Central Nervous System. (WHO Regional Office 

Europe, 2007).
 26. International Agency for Research on Cancer. WHO Classification of Tumours of the Central Nervous System. (International Agency 

for Research on Cancer, 2016).
 27. Arita, H. et al. A combination of TERT promoter mutation and MGMT methylation status predicts clinically relevant subgroups of 

newly diagnosed glioblastomas. Acta Neuropathol Commun 4, 79 (2016).
 28. Okita, Y. et al. (11)C-methinine uptake correlates with MGMT promoter methylation in nonenhancing gliomas. Clin Neurol 

Neurosurg 125, 212–216 (2014).
 29. Jenkinson, M., Bannister, P., Brady, M. & Smith, S. Improved optimization for the robust and accurate linear registration and motion 

correction of brain images. NeuroImage 17, 825–841 (2002).
 30. Jenkinson, M. & Smith, S. A global optimisation method for robust affine registration of brain images. Med Image Anal 5, 143–156 

(2001).
 31. Greve, D. N. & Fischl, B. Accurate and robust brain image alignment using boundary-based registration. NeuroImage 48, 63–72 

(2009).
 32. Ellingson, B. M. et al. Probabilistic Radiographic Atlas of Glioblastoma Phenotypes. American Journal of Neuroradiology https://doi.

org/10.3174/ajnr.A3253 (2012).
 33. Ellingson, B. M. et al. Anatomic localization of O6-methylguanine DNA methyltransferase (MGMT) promoter methylated and 

unmethylated tumors: A radiographic study in 358 de novo human glioblastomas. NeuroImage 59, 908–916 (2012).
 34. Kinoshita, M. et al. Different spatial distribution between germinal center B and non-germinal center B primary central nervous 

system lymphoma revealed by magnetic resonance group analysis. Neuro-Oncology 16, 728–734 (2014).
 35. Mazziotta, J. et al. A probabilistic atlas and reference system for the human brain: International Consortium for Brain Mapping 

(ICBM). Philos. Trans. R. Soc. Lond., B, Biol. Sci. 356, 1293–1322 (2001).
 36. Desikan, R. S. et al. An automated labeling system for subdividing the human cerebral cortex on MRI scans into gyral based regions 

of interest. NeuroImage 31, 968–980 (2006).
 37. Roelz, R. et al. Residual Tumor Volume as Best Outcome Predictor in Low Grade Glioma - A Nine-Years Near-Randomized Survey 

of Surgery vs. Biopsy. Sci. Rep. 6, 32286 (2016).
 38. Kawaguchi, T. et al. Impact of gross total resection in patients with WHO grade III glioma harboring the IDH 1/2 mutation without 

the 1p/19q co-deletion. J Neurooncol 129, 505–514 (2016).
 39. Sonoda, Y. et al. Association between molecular alterations and tumor location and MRI characteristics in anaplastic gliomas. Brain 

Tumor Pathol. https://doi.org/10.1007/s10014-014-0211-3 (2014).
 40. Darlix, A. IDH mutation and 1p19q codeletion distinguish two radiological patterns of diffuse low-grade gliomas. J Neurooncol 0, 

0–0 (2017).
 41. Yu, J. et al. Anatomical location differences between mutated and wild-type isocitrate dehydrogenase 1 in low-grade gliomas. Int. J. 

Neurosci. 127, 873–880 (2017).
 42. Kinoshita, M. et al. Introduction of High Throughput Magnetic Resonance T2-Weighted Image Texture Analysis for WHO Grade 2 

and 3 Gliomas. PLoS ONE 11, e0164268 (2016).
 43. Zhang, B. et al. Radiomics Features of Multiparametric MRI as Novel Prognostic Factors in Advanced Nasopharyngeal Carcinoma. 

Clin. Cancer Res. 23, 4259–4269 (2017).
 44. Yu, J. et al. Noninvasive IDH1 mutation estimation based on a quantitative radiomics approach for grade II glioma. Eur Radiol 27, 

3509–3522 (2017).
 45. Jamshidi, N., Diehn, M., Bredel, M. & Kuo, M. D. Illuminating Radiogenomic Characteristics of Glioblastoma Multiforme through 

Integration of MR Imaging, Messenger RNA Expression, and DNA Copy Number Variation. Radiology 270, 1–2 (2014).
 46. Gevaert, O. et al. Glioblastoma Multiforme: Exploratory Radiogenomic Analysis by Using Quantitative Image Features. Radiology 

273, 168–174 (2014).
 47. Li, H. et al. MR Imaging Radiomics Signatures for Predicting the Risk of Breast Cancer Recurrence as Given by Research Versions 

of MammaPrint, Oncotype DX, and PAM50 Gene Assays. Radiology 152110, https://doi.org/10.1148/radiol.2016152110 (2016).
 48. Kim, J.-H. et al. Breast Cancer Heterogeneity: MR Imaging Texture Analysis and Survival Outcomes. Radiology 160261–11, https://

doi.org/10.1148/radiol.2016160261 (2016).

Acknowledgements
We would like to thank Ms. Ai Takada at the Institute for Clinical Research, Osaka National Hospital, National 
Hospital Organization and Ms. Mariko Kakinoki at the Department of Neurosurgery, Osaka International 
Cancer Institute for their excellent support in conducting this research. This investigation was supported by JSPS 
KAKENHI (16K10778 and 17H05308), Osaka Medical Research Foundation for Intractable Diseases and Uehara 
Memorial Foundation.

Author Contributions
H.A., M.K., K.M. and Y.K. conceived and designed the study; H.A., T.S., D.K., E.Y., K.I. and Y.K. conducted 
genetic analyses; Y.K. and M.M. conducted the central pathology review; H.A., M.K., M.T., Y.N., Y.T., N.T., Y.O., 
M.N., S.M., M.T., Y.F., J.F., S.I., K.I., Y.N., K.M. and Y.K. acquired imaging data and performed annotations and 
preprocessing; M.K. provided the software for performing radiomics; A.K. performed statistical analysis; H.A., 
M.K. and Y.K. wrote and edited the manuscript. All authors read and approved the manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-30273-4.
Competing Interests: The authors declare no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

http://dx.doi.org/10.1148/radiol.2016160845
http://dx.doi.org/10.3174/ajnr.A3253
http://dx.doi.org/10.3174/ajnr.A3253
http://dx.doi.org/10.1007/s10014-014-0211-3
http://dx.doi.org/10.1148/radiol.2016152110
http://dx.doi.org/10.1148/radiol.2016160261
http://dx.doi.org/10.1148/radiol.2016160261
http://dx.doi.org/10.1038/s41598-018-30273-4


www.nature.com/scientificreports/

1 0SCIeNTIfIC RepORTs |  (2018) 8:11773  | DOI:10.1038/s41598-018-30273-4

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2018

http://creativecommons.org/licenses/by/4.0/

	Lesion location implemented magnetic resonance imaging radiomics for predicting IDH and TERT promoter mutations in grade II ...
	Methods
	Patient cohort. 
	MRI. 
	Diagnosis and central pathology. 
	Genetic analysis. 
	Radiomics. 
	Statistical analysis and predictive modeling. 
	Data and materials availability. 

	Results
	Cohort validation. 
	Location analysis of different molecular subtypes for grade II/III gliomas. 
	Radiomics of grade II/III gliomas. 
	Predicting IDH mutation status of grade II/III gliomas via lesion location implemented radiomics. 
	Predicting 3 molecular subtypes of grade II/III gliomas via lesion location implemented radiomics. 

	Discussion
	Conclusions
	Acknowledgements
	Figure 1 Overview of the analyzed cohort and image analyses (radiomics) with voxel-based lesion mapping.
	Figure 2 Radiomics measurements.
	Figure 3 Correlation matrix heat map of radiomics.
	Figure 4 IDH mutation predictive modeling with and without lesion location information radiomics.
	Figure 5 Radiomics predictive modeling for 3 genetic subtypes of grade II/III gliomas.




