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Abstract: Background: Positron emission tomography with 11C-methionine (MET) is well estab-

lished in the diagnostic work-up of malignant brain tumors. Texture analysis is a novel technique 

for extracting information regarding relationships among surrounding voxels, in order to quantify 

their inhomogeneity. This study evaluated whether the texture analysis of MET uptake has prog-

nostic value for patients with glioma. Methods: We retrospectively analyzed adults with glioma 

who had undergone preoperative metabolic imaging at a single center. Tumors were delineated 

using a threshold of 1.3-fold of the mean standardized uptake value for the contralateral cortex, and 

then processed to calculate the texture features in glioma. Results: The study included 42 patients 

(median age: 56 years). The World Health Organization classifications were grade II (7 patients), 

grade III (17 patients), and grade IV (18 patients). Sixteen (16.1%) all-cause deaths were recorded 

during the median follow-up of 18.8 months. The univariate analyses revealed that overall survival 

(OS) was associated with age (hazard ratio (HR) 1.04, 95% confidence interval (CI) 1.01–1.08, p = 

0.0093), tumor grade (HR 3.64, 95% CI 1.63–9.63, p = 0.0010), genetic status (p < 0.0001), low gray-

level run emphasis (LGRE, calculated from the gray-level run-length matrix) (HR 2.30 × 1011, 95% 

CI 737.11–4.23 × 1019, p = 0.0096), and correlation (calculated from the gray-level co-occurrence ma-

trix) (HR 5.17, 95% CI 1.07–20.93, p = 0.041). The multivariate analyses revealed OS was inde-

pendently associated with LGRE and correlation. The survival curves were also significantly differ-

ent (both log-rank p < 0.05). Conclusion: Textural features obtained using preoperative MET posi-

tron emission tomography may compliment the semi-quantitative assessment for prognostication 

in glioma cases. 
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1. Introduction 

Gliomas are the most common primary brain tumors and threaten the patient’s qual-

ity of life, cognitive function, and survival [1]. The prognosis for glioma remains dismal, 

despite advances in its diagnosis and the use of different therapeutic regimens for high-

grade glioma. The 2016 World Health Organization (WHO) classification of gliomas iden-

tified three subtypes based on molecular and histological features: (1) diffuse isocitrate 

dehydrogenase (IDH) wild-type astrocytoma (IDH wild-type without 1p/19q-codeleted), 

(2) diffuse IDH mutant astrocytoma (IDH mutant without 1p/19q-codeleted), and (3) oli-

godendroglioma (IDH mutant with 1p/19q-codeleted) [2]. 

Positron emission tomography (PET) with amino acid analogs, especially 11C-methi-

onine (MET), is well established in the diagnostic work-up of malignant brain tumors 

[3,4]. This is because MET can readily cross the blood–brain barrier through neutral amino 

acid transporters, which allows it to accumulate in active brain tumors. Furthermore, MET 

PET provides an advantage for imaging gliomas because the uptake of MET in normal 

brain tissue is lower than that of 18F-fluorodeoxyglucose (FDG) [5]. 

Texture analysis (TA) is a novel radiomics technique that is used to extract infor-

mation regarding relationships among surrounding voxels, which is used to quantify their 

inhomogeneity. In addition, TA can evaluate intratumoral metabolic heterogeneity, which 

may vary in relation to the malignant potential of glioma. Recent TA-based studies of FDG 

PET findings have provided promising results for differentiating between benign and ma-

lignant tumors, in order to predict the treatment response and prognosis. However, to the 

best of our knowledge, only a few reports have described PET TA [6,7], especially regard-

ing MET uptake, in patients with brain gliomas. Furthermore, there are few reports that 

have combined TA with genomic information (i.e., radiogenomics). The present study 

aimed to investigate whether TA applied to MET uptake has diagnostic and prognostic 

values in patients with glioma. 

2. Methods 

2.1. Study Subjects 

This retrospective study included adult glioma patients who had undergone pre-

operative metabolic imaging at our hospital between February 2009 and April 2014. The 

inclusion criteria were as follows: (1) patients diagnosed with one or more brain lesions 

via magnetic resonance imaging, (2) patients who had undergone MET PET of the whole 

brain before surgery, (3) patients whose diagnosis was pathologically confirmed as glioma 

and who had complete molecular and histological data, (4) patients who were evaluated 

using the same PET/CT scanner as described below, and (5) patients with clear MET up-

take that could be used to calculate the TA. The study’s retrospective protocol was ap-

proved by the ethics committee of Hokkaido University Hospital (IRB no. 015-0159) ap-

proved on 28 October 2015. 

2.2. Image Acquisition and Reconstruction 

All MET images were acquired using a Biograph 64 PET/CT scanner (Asahi-Siemens 

Medical Technologies, Ltd., Tokyo, Japan). The patients were instructed to fast for ≥3 h 

before the intravenous injection of MET (median: 370.5 MBq, interquartile range (IQR): 

328.0–406.8 MBq). Whole-brain emission data were acquired for 10 min in the three-di-

mensional mode at 15–20 min after the MET injection. Attenuation-corrected images were 

reconstructed using the CT images and filtered back projection with a Hann filter (full-

width at half-maximum of 4 mm) [3]. 

2.3. Image Analysis 

An experienced nuclear medicine physician (K.K.), who was blinded to the patho-

logical findings and patient outcomes, thoroughly reviewed the PET images and selected 

the MET-avid areas based on the coregistered fluid-attenuated inversion recovery MR 
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images. The standardized uptake values (SUVs) were calculated as: [tissue radioactivity 

(Bq/mL)] × [body weight (g)] / [injected radioactivity (Bq)]. The tumor boundary was de-

lineated using a threshold of 1.3× the reference SUVmean value, which was obtained by 

averaging the region of interest values (diameter: 10 mm) placed on the normal contrala-

teral frontal lobe [3,8]. The tumor-to-normal ratio (TNR) was defined as the SUVmax di-

vided by the reference value. Metabolic tumor volume (MTV) and total lesion methionine 

uptake (TLMU) were quantified as previously described [3], with MTV defined as the 

volume of the tumor boundary and TLMU defined as the product of the MTV and the 

SUVmean within the boundary. All image analyses were performed using the Metavol 

open source tool [3,9], and we resampled 64 discrete values from the lowest to the highest 

SUV values, which is a common method used in TA [10,11]. The PTexture package was 

used to calculate 36 texture features within the tumor boundary, as described by Orlhac 

et al. [10,12]. The complete source code for PTexture is available at 

www.github.com/metavol/ptexture. 

2.4. MET-Guided Surgery and Postoperative Treatment 

The MET-guided surgical procedure has been described previously [13]. Pathological 

data were obtained from biopsy tissue specimens or via cytoreduction performed after stand-

ard craniotomy under general anesthesia. Surgery was guided by intraoperative neuronavi-

gation using a StealthStation TREON™ system (Medtronic, Louisville, CO, USA) for accurate 

resection at the tumor boundary, which was determined using multiple imaging modalities. 

For accurate biopsy targeting, silicone catheters were inserted at a target point within the re-

gion of the highest MET uptake according to the navigation findings from before the dural 

opening, in order to avoid inaccuracy caused by brain shift. Biopsy specimens were obtained 

via the inserted catheters during the tumor resection. The pathological diagnosis was per-

formed by a neuropathologist based on the 2016 WHO classification [2]. We attempted to re-

move as much tumor tissue as possible in every patient, unless the tumor was confined to the 

deep brain structures (e.g., the thalamus) and/or involved eloquent brain areas (e.g., the peri-

sylvian verbal area). All patients with pathologically confirmed grade III–IV glioma received 

additional chemoradiotherapy with temozolomide unless the additional therapy was contra-

indicated. The primary endpoint was overall survival (OS), which was calculated from sur-

gery to all-cause death. A neurosurgeon (S.Y.) collected all data regarding pathological find-

ings and patient outcomes. 

2.5. Statistical Analysis 

Continuous variables were expressed as median (interquartile range (IQR)) and cat-

egorical variables were expressed as number (percentage). All statistical analyses were 

performed using JMP software (version 14; SAS Institute, Cary, NC, USA). Differences 

were considered statistically significant at p-values of <0.05. Differences in semiquantita-

tive parameters were analyzed using Wilcoxon’s signed rank test or the Kruskal–Wallis 

test. Spearman’s rank correlation test was used for inter-group comparisons. Heat map 

analysis with ascendant hierarchical clustering was performed to assess the relevance of 

each texture feature. After summarizing the clustering, the analyses used the features that 

had the highest cluster variation rate to explain the same group. The OS curves were com-

pared using the Kaplan–Meier method and the long-rank test. Cox proportional hazard 

regression models were used to identify texture-based predictors of OS, with the multi-

variate models adjusted for age, WHO grade, and genetic status. 

3. Results 

3.1. Patient Characteristics and Outcomes 

The present study included 42 patients (including 18 men) who had a median age of 

56.0 years (IQR: 36.8–64.3 years). The WHO classification was used to histopathologically 

grade the gliomas, which were considered grade II for 7 patients (1 case of IDH mutant 
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without 1p/19q-codeleted, 6 cases of IDH mutant with 1p/19q-codeleted), grade III for 17 

patients (2 cases of IDH mutant without 1p/19q-codeleted, 7 cases of IDH mutant and 

1p/19q-codeleted, 8 cases of IDH wild-type without 1p/19q-codeleted), and grade IV for 

18 patients (18 cases of IDH wild-type without 1p/19q-codeleted) (Table 1). During the 

median follow-up of 18.8 months (IQR: 5.8–36.8 months), all-cause death was noted for 16 

patients (38.1%). 

Table 1. Patient characteristics. 

 Values 

Age, years 56.0 (36.8–64.3) 

Male sex 18 (43.5) 

Karnofsky performance score 90 (70–92.5) 

WHO grade, Ⅱ/Ⅲ/Ⅳ 7 (16.7)/17 (40.5)/18 (42.9) 

Genetic status, wild/mut/codel 26 (61.9)/3 (7.1)/13 (31.0) 

Surgical procedure, biopsy/resection 12 (28.6)/30 (71.4) 

Values are reported as median (interquartile range) or n (%). WHO, World Health Organization; 

wild, isocitrate dehydrogenase (IDH) wild-type without 1p/19q-codeleted; mut, IDH mutant with-

out 1p/19q-codeleted; codel, IDH mutant with 1p/19q-codeleted. 

3.2. MET PET Findings 

The estimated MET parameters are presented in Table 2. Hierarchical clustering 

brought similar texture features close together in the heat map chart, with 6 features se-

lected from the original 36 features: dissimilarity, low gray-level run emphasis (LGRE), 

high gray-level run emphasis (HGRE), gray-level non-uniformity for run (GLNUr), corre-

lation (calculated from the gray-level co-occurrence matrix), and entropy (calculated from 

the gray-level co-occurrence matrix). There were no significant differences according to 

genetic status in the estimated values for TNR, CMV, TLMU, or the TA parameters. 

Table 2. The MET PET data. 

 All (n = 42) Wild (n = 26) Mut (n = 3) Codel (n = 13) 

TNR 3.2 (2.4–3.9) 3.4 (2.7–4.1) 1.7 (1.5–3.6) 2.5 (1.8–4.1) 

MTV (mL) 44.1 (10.9–92.6) 46.0 (18.8–92.6) 8.1 (6.0–190.3) 43.6 (4.9–81.8) 

TLMU (mL) 121.2 (27.9–248.6) 280.3 (48.3–132.8) 14.2 (12.7–484.0) 89.8 (10.2–221.1) 

Texture Features 

Dissimilarity 6.4 (5.1–8.8) 6.2 (5.1–8.3) 12.2 (3.5–12.6) 6.5 (5.0–10.7) 

LGRE 0.069 (0.054–0.084) 0.072 (0.059–0.087) 0.07 (0.05–0.10) 0.06 (0.05–0.08) 

HGRE 531.6 (403.5–677.6) 535.7 (393.5–677.6) 544.2 (397.4–628.1) 520.2 (425.3–774.6) 

GLNUr 104.9 (29.7–294.6) 111.5 (50.0–299.0) 16.5 (13.7–952.3) 119.9 (9.7–287.6) 

Correlation 0.89 (0.75–1.10) 0.89 (0.77–1.11) 0.71 (0.51–1.22) 0.93 (0.70–1.08) 

Entropy 6.7 (6.1–6.9) 6.7 (6.4–6.9) 6.06 (5.73–6.45) 6.43 (5.59–6.85) 

Values are reported as median (interquartile range); wild, isocitrate dehydrogenase (IDH) wild-type without 1p/19q-

codeleted; mut, IDH mutant without 1p/19q-codeleted; codel, IDH mutant with 1p/19q-codeleted; TNR, tumor-to-normal 

ratio; MTV, metabolic tumor volume; TLMU, total legion methionine uptake; LGRE, low gray-level run emphasis; HGRE, 

high gray-level run emphasis; GLNUr, gray-level non-uniformity for run. 

3.3. Predictors of OS 

The univariate analyses revealed that OS was associated with age, tumor grade, ge-

netic status, LGRE, and correlation, while OS was not significantly associated with sex, 

TNR, MTV, and TLMU (Table 3). The multivariable Cox proportional hazards models re-

vealed that OS was independently associated with LGRE and correlation after adjusting 

for age (model 1), tumor grade (model 2), or genetic status (model 3) (all p < 0.05) (Table 

4; Table 5). Representative cases are shown in Figure 1. The Kaplan–Meier curves revealed 
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significantly better OS among patients with lower LGRE values (LGRE of <0.088; n = 33, 

p = 0.022) and lower correlation values (correlation of <1.074; n = 32, p = 0.03) (Figure 2). 

Table 3. Univariate analyses of factors associated with all-cause death. 

 Univariate Hazard Ratio 

(95% Confidence Interval) 
p-Value 

Age (per year) 1.04 (1.01–1.08) 0.0093 

Male sex 2.71 (1.00–8.00) 0.051 

WHO grade 3.64 (1.63–9.63) 0.0010 

Genetic status NA <0.0001 

TNR 1.34 (0.86–2.03) 0.19 

MTV 1.01 (1.00–1.02) 0.086 

TLMU 1.00 (1.00–1.01) 0.11 

Dissimilarity 0.93 (0.77–1.09) 0.37 

LGRE 2.30 × 1011 (737.11–4.23 × 1019) 0.0096 

HGRE 1.00 (0.99–1.00) 0.11 

GLNUr 1.00 (1.00–1.00) 0.27 

Correlation 5.17 (1.07–20.93) 0.041 

Entropy 0.77 (0.44–1.57) 0.45 

WHO, World Health Organization; NA, not available because patients with IDH mutations and 

1p/19q-codeleted had no events during the follow-up; TNR, tumor-to-normal ratio; MTV, meta-

bolic tumor volume; TLMU, total legion methionine uptake; LGRE, low gray-level run emphasis; 

HGRE, high gray-level run emphasis; GLNUr, gray-level non-uniformity for run. 

Table 4. Multivariate associations with all-cause death for LGRE. 

 Model 1 

χ2 = 12.8, p = 0.0017 

Model 2 

χ2 = 16.6, p = 0.0002 

Model 3 

χ2 = 27.3, p < 0.0001 
 Multivariate hazard ratio p Multivariate hazard ratio p Multivariate hazard ratio p 

Age 1.04 (1.01–1.08) 0.014 - - - - 

WHO grade - - 3.50 (1.56–9.29) 0.0017 - - 

Genetic status - - – - NA <0.0001 

LGRE 
2.60 × 1010  

(147.20–4.11 × 1018) 
0.014 

1.06 × 1011  

(144.02–5.38 × 1019) 
0.016 

9.07 × 1011  

(508.99–1.28 × 1021) 
0.012 

WHO, World Health Organization; NA, not available because patients with IDH mutations and 1p/19q-codeleted had no 

events during the follow-up; LGRE, low gray-level run emphasis. Parentheses indicate the 95% confidence intervals. 

Table 5. Multivariate associations with all-cause death for correlation. 

 Model 1 

χ2 = 11.2, p = 0.0037 

Model 2 

χ2 = 15.5, p = 0.0004 

Model 3 

χ2 = 27.6, p < 0.0001 
 Multivariate hazard ratio p Multivariate hazard ratio p Multivariate hazard ratio p 

Age 1.05 (1.01–1.09) 0.008 - - - - 

WHO grade - - 3.75 (1.68–9.92) 0.0008 - - 

Genetic status - - - - NA <0.0001 

Correlation 5.31 (1.13–21.82) 0.035 5.48 (1.21–22.6) 0.029 7.03 (1.63–29.2) 0.011 

WHO, World Health Organization; NA, not available because patients with IDH mutations and 1p/19q-codeleted had no 

events during the follow-up. Parentheses indicate the 95% confidence intervals. 
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Figure 1. Representative cases. The PET, PET/CT, MTV, and MIP images are shown for an ana-

plastic astrocytoma case (A) and an anaplastic oligodendroglioma case (B). The SUVmax values 

were 7.34 and 6.87, the TNRs were 4.89 and 4.79, the MTVs were 52.7 mL and 56.3 mL, the TLMUs 

were 170.1 and 229.8, the LGREs were 0.118 and 0.054, and the correlations were 1.27 and 0.89, 

respectively, for cases (A) and (B). The overall survival intervals were 4.5 months (dead) and 31.6 

months (surviving). PET, positron emission tomography; MTV, metabolic tumor volume; MIP, 

maximum intensity projection; SUVmax, maximum standardized uptake value; TNR, tumor-to-

normal ratio; TLMU, total legion methionine uptake; LGRE, low gray-level run emphasis. 

 

Figure 2. Kaplan–Meier survival curves. Kaplan–Meier survival curves revealed significant differences in overall survival 

between (A) patients with low gray-level run emphasis (LGRE) of <0.088 (blue line) and >0.088 (red line) (p = 0.022), (B) 

patients with correlation values of <1.074 (blue line) and >1.074 (red line), (C) patients with the different WHO grades 

(black line = grade II, blue line = grade III, red line = grade IV; p = 0.0066), and (D) patients with the different genetic 

statuses (black line = IDH mutant with 1p/19q-codeleted, blue line = IDH mutant without 1p/19q-codeleted, red line = IDH 

wild-type without 1p/19q-codeleted, p = 0.0004). WHO: World Health Organization; IDH: isocitrate dehydrogenase. 
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4. Discussion 

We investigated whether preoperative TA of MET PET data could predict the post-

operative prognosis in patients with gliomas. The univariate and multivariate analyses 

demonstrated that LGRE and correlation, which are texture features derived from MET 

PET, were significant predictors of postoperative OS. 

The present study used TA, which is a group of computational methods that can 

quantify inhomogeneity between adjacent voxels [14]. Since the early 1990s, the applica-

tion of TA has been expanded using magnetic resonance imaging and CT for clinical mor-

phological assessments [15,16]. When using PET, the FDG texture parameters of malig-

nant tumors can help predict tumor progression and prognosis [17]. Among PET radio-

tracers, FDG is the most widely used and validated PET tracer, with this glucose analog 

being used to noninvasively assess the aggressiveness of various tumor types. 

Glioma is the most common primary malignant brain tumor. However, high FDG 

accumulation in the normal surrounding brain tissue limits its utility during the imaging 

of brain tumors [18]. In this context, MET is a popular amino acid PET tracer that has 

relatively low uptake in normal brain tissue, and thus provides better detection of brain 

tumors (vs. FDG). Yu et al. have reported that the histogram features from MET PET can 

help detect O6-methylguanylmethyltransferase (MGMT) methylation, which can help 

predict the response to temozolomide-based chemotherapy [19]. Zhao et al. also reported 

that texture features from MET PET were able to help identify low-grade gliomas (IDH 

mutant and 1p/19q-codeleted), which have the most favorable outcomes [20]. Moreover, 

PET-based textural features obtained using amino acid tracers (e.g., 18F-fluoroethyl-L-ty-

rosine (FET) and 3′-deoxy-3′-18F-fluorothymidine (FLT)) can help characterize the glioma 

and predict survival outcomes [6,7]. 

The present study revealed that OS was significantly predicted by the correlation and 

LGRE values. Correlation values are calculated based on the gray-level co-occurrence ma-

trix, using the Pearson’s correlation coefficients between adjacent voxels. Our data sug-

gested that patients with higher correlation survived for less long. Higher correlation can 

be observed in tumors that show smaller value changes in voxel-by-voxel levels. Biologi-

cally, such images could represent infiltrative natures. On the other hand, The LGRE is a 

type of gray-level run-length matrix, which quantifies the size of homogeneous runs for 

each gray level. This parameter offers a size distribution of texture elements for a given 

direction in the image and is robust with respect to the delineation method, which allows 

it to describe the distribution of segments with relatively low accumulation within the 

boundary. High LGRE values are expected when there is a large number of segments with 

relatively low accumulation [21]. In the current study, patients with higher LGRE sur-

vived for less long. From a biological point of view, areas with low MET accumulation 

may be interpreted as necrotic foci, and thus high LGRE values might represent tumors 

with many small necrotic foci rather than few large ones. Our findings indicate that TA 

parameters based on MET uptake might reflect metabolic heterogeneity in gliomas, with 

correlation and LGRE potentially being useful as prognostic markers. A recent study by 

Papp et al. reported a machine-learning survival model for glioma (grade I to IV), com-

bining MET PET radiomic features, histological information, and clinical information [22]. 

They reported that correlation was one of the most significant factors, ranking the third 

among texture features and the thirteenth among all the features. LGRE was not investi-

gated in their study. A slight difference from the current study is that they found that 

zone-size non-uniformity, calculated from the gray-level zone-size matrix, was also a sig-

nificant feature, which can be ascribed to different populations. In any event, we consider 

that texture analysis may contribute to predicting prognosis, although which features are 

most important remains to be clarified in larger studies. 
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Limitations 

This study has some methodological limitations. First, the retrospective design and 

small sample size are potential sources of bias. While requiring a sufficient sample size in 

order to conclude a valid research result, our finding will provide the basis for the devel-

opment of future studies that may shape decision-making in this clinical setting. Second, 

while we only included patients who underwent the same PET/CT protocol at our hospi-

tal, the textural features of PET depend on the image acquisition conditions, with different 

acquisition modes and reconstruction parameters potentially influencing the results [23]. 

Third, oligodendroglial cell differentiation may influence MET uptake [4,24], although we 

were unable to evaluate this factor because of the limited number of patients. Further clin-

ical studies are needed to address these issues and to confirm whether TA provides prog-

nostic value in the clinical management of gliomas. 

5. Conclusions 

Textural variables obtained using MET PET may provide prognostic information that 

can complement semi-quantitative assessment in glioma cases. 
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