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Glioblastoma is the most common and malignant primary 
brain tumor, characterized by highly aggressive-inva-
sive growth and resistance to therapy. Typically, radio-
logical recurrence and clinical relapse occurs 6–7 months 

after surgery,1 resulting in a median survival of only 
14–16  months despite the best available treatments.2,3 
Accumulating evidence suggests that intratumoral hetero-
geneity and divergent development of subpopulations of 
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Abstract
Background. The intratumoral heterogeneity of oxygen metabolism in combination with variable patterns of neo-
vascularization (NV) as well as reprogramming of energy metabolism affects the landscape of tumor microenviron-
ments (TMEs) in glioblastoma. Knowledge of the hypoxic and perivascular niches within the TME is essential for 
understanding treatment failure.
Methods. Fifty-two patients with untreated glioblastoma (isocitrate dehydrogenase 1 wild type [IDH1wt]) were 
examined with a physiological MRI protocol including a multiparametric quantitative blood oxygen level depend-
ent (qBOLD) approach and vascular architecture mapping (VAM). Imaging biomarker information about oxygen 
metabolism (mitochondrial oxygen tension) and neovascularization (microvascular density and type) were fused 
for classification of 6 different TMEs: necrosis, hypoxia with/without neovascularization, oxidative phosphorylation 
(OxPhos), and glycolysis with/without neovascularization. Association of the different TME volume fractions with 
progression-free survival (PFS) was assessed using Kaplan–Meier analysis and Cox proportional hazards models.
Results. A common spatial structure of TMEs was detected: central necrosis surrounded by tumor hypoxia (with 
defective and functional neovasculature) and different TMEs with a predominance of OxPhos and glycolysis for 
energy production, respectively. The percentage of the different TMEs on the total tumor volume uncovered 2 
clearly different subtypes of glioblastoma IDH1wt: a glycolytic dominated phenotype with predominantly func-
tional neovasculature and a necrotic/hypoxic dominated phenotype with approximately 50% of defective neovas-
culature. Patients with a necrotic/hypoxic dominated phenotype showed significantly shorter PFS (P = 0.035).
Conclusions. Our non-invasive mapping approach allows for classification of the TME and detection of tumor-
supportive niches in glioblastoma which may be helpful for both clinical patient management and research.
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cancer cells within the same tumor are probably the keys 
for understanding treatment failure.4–6 Specific histopatho-
logical features, including pseudopalisading necrosis and 
microvascular proliferation, make glioblastoma one of 
the most hypoxic and vascularized of all solid tumors.7 
These microanatomical compartments present specific 
niches within the tumor microenvironment (TME) that 
regulate metabolic needs, immune surveillance, survival, 
invasion, and glioma stemlike cell maintenance.7 The 
TME is emerging as a critical regulator of cancer progres-
sion and therapeutic response in primary and metastatic 
brain malignancies.8 The dismal prognosis of glioblastoma 
is largely attributed to the heterogeneous nature of the 
tumor, which in addition to intrinsic molecular and genetic 
changes is also influenced by specialized TME niches in 
which the glioma cells reside.9 In glioblastoma, 3 morpho-
logically and functionally specialized tumor niches were 
described, including the vasculature as an integral regula-
tory part: (i) the perivascular, (ii) the hypoxic, and (iii) the 
vascular-invasive niches.7 The perivascular and hypoxic 
niches are found within the tumor bulk and reside in the 
tumor neovasculature and the necrotic/hypoxic tumor 
regions, respectively.7,10 In the vascular-invasive tumor 
niche, however, tumor cells co-opt normal blood vessels, 
enabling migration deep into the brain parenchyma.11

Besides the intratumoral heterogeneity in extent and 
degree of necrosis/hypoxia in combination with variable 
patterns of neovascularization, reprogramming of energy 
metabolism additionally influences the landscape of TME 
and represents a considerable problem in therapeutic man-
agement of glioblastoma.12 In contrast to normal differenti-
ated cells, which rely primarily on mitochondrial oxidative 
phosphorylation (OxPhos) to generate the energy needed 
for cellular processes, most cancer cells instead rely on 
aerobic glycolysis, a phenomenon termed the “Warburg 
effect.” Aerobic glycolysis is an inefficient but faster way 
to generate adenosine 5ʹ-triphosphate (ATP). However, the 
advantage it confers to cancer cells is not fully understood 
but the subject of intense research.13

The interplay between oxygen metabolism and neovas-
cularization as well as the metabolic pathways for energy 
production are of crucial importance in tumor biology. 
Therefore, they have the potential as a key imaging bio-
marker for elucidation of pathophysiological mechanisms, 
including therapy resistance and recurrence. Most of the 

available techniques, however, are not well suited for in 
vivo characterization in humans due to their invasive-
ness (electrodes), limited availability and high costs (PET), 
or low spatial resolution (near-infrared spectroscopy). 
A  novel MRI-based multiparametric approach has been 
recently proposed to obtain quantitative information about 
oxygenation metabolism and neovascularization in glioma 
patients.14–18

In this study, we built on this physiological MRI approach 
and hypothesized that fusion of imaging biomarker infor-
mation about oxygen metabolism and neovascularization 
in combination with an automatic user-independent clas-
sification strategy provides more precise insights into 
the intratumoral heterogeneity of human glioblastoma’s 
pathophysiology. We termed our approach TME mapping. 
The aim of our study was threefold: (i) non-invasive detec-
tion and investigation of hypoxic and vascular niches in 
the TME; (ii) correlation of TME niches with the dominating 
metabolic strategy for energy production to identify patient 
subgroups with newly diagnosed glioblastoma; and (iii) 
investigation of the relationship to clinical outcome.

Materials and Methods

Patients

The institutional review board approved this retrospec-
tive study. Written consent was obtained from all enrolled 
patients. A  consecutively and prospectively populated 
institutional database was searched for patients with 
newly diagnosed untreated glioblastoma (World Health 
Organization [WHO] grade IV) between July 2015 and April 
2017. Inclusion criteria were as follows: (i) age ≥18 years; 
(ii) MR scans using our study MRI protocol; (iii) pathologi-
cally confirmed glioblastoma based on the WHO histologi-
cal grading system including conclusive information about 
isocitrate dehydrogenase 1 (IDH1) gene mutation status; 
(iv) patients subsequently treated according to standard of 
care, which included maximal safe and radical resection, 
radiotherapy, and concomitant and adjuvant chemother-
apy with temozolomide.3

IDH1 mutation was routinely analyzed by immunohisto-
chemical staining using an R132H point mutation specific 

Importance of the study
The dismal prognosis of glioblastoma is largely attrib-
uted to the heterogeneous nature of the tumor, which 
is influenced by hypoxic and perivascular niches in the 
TME. Therefore, oxygen metabolism and neovasculari-
zation have the potential as a key biomarker for eluci-
dation of pathophysiological mechanisms including 
therapy resistance and recurrence. Most of the avail-
able techniques, however, are not well suited for nonin-
vasive in vivo characterization in humans. In this study, 
we used MRI biomarkers of oxygen metabolism and 
neovascularization in combination with an automatic 

classification strategy for non-invasive localization of 
hypoxic and vascular niches within the heterogene-
ously structured TME. Correlation with the dominating 
metabolic strategy for energy production uncovered 2 
different metabolic phenotypes for newly diagnosed 
glioblastoma IDH1wt: a glycolytic phenotype with sta-
ble functional neovasculature, and a necrotic/hypoxic 
phenotype with high proportion of unstable defective 
dysfunctional neovasculature and a more aggressive 
tumor behavior. The glycolytic phenotype showed 
longer PFS.
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IDH1 antibody (Dianova). In cases in which IDH1 (R132H) 
immunohistochemical staining was not conclusive, both 
IDH1 and IDH2 mutation status were determined by 
pyrosequencing.

MRI Data Acquisition

MRI examinations (ie, phase 1 of the TME approach) were 
performed on a 3 Tesla clinical scanner (Tim Trio, Siemens) 
equipped with a standard 12-channel head coil. The MRI 
protocol included the following sequences: axial fluid 
attenuated inversion recovery (FLAIR; repetition time [TR]/
echo time [TE]/inversion time [TI]: 5000/460/1800  ms; in-
plane resolution: 0.45 × 0.45 mm, slice thickness: 3 mm); 
single-shot diffusion weighted echo planar imaging 
(DW-EPI) sequence (TR/TE: 5300/98  ms; in-plane resolu-
tion: 1.2 × 1.2 mm, slice thickness: 4 mm; 29 slices; parallel 
imaging using generalized autocalibrating partially parallel 
acquisition [GRAPPA] factor of 2, b-values of 0 and 1000 s/
mm2); and pre- and postcontrast enhanced T1-weighted 
gradient-echo MRI sequences (TR/TE: 250/2.8 ms; in-plane 
resolution: 0.5 × 0.5 mm, slice thickness: 4 mm; 29 slices).

For the quantitative blood oxygen level dependent 
(qBOLD) approach, we performed (i) a multi-echo gradi-
ent echo (GE) sequence for R2*-mapping (8 echoes; TE, 
5–40 ms) and (ii) a multi-echo spin echo (SE) sequence for 
R2-mapping (8 echoes; TE, 13–104 ms), respectively.

For vascular architecture mapping (VAM), we used 
dynamic susceptibility contrast (DSC) perfusion MRI data 
obtained with SE (TR, 1740  ms; TE, 33  ms) and GE (TR, 
1740 ms; TE, 22 ms) EPI sequences, respectively, in combi-
nation with a dual contrast agent injections approach.15,16,19 
Both DSC perfusion examinations were performed with 60 
dynamic measurements and administration of 0.1 mmol/kg 
body weight gadoterate meglumine (Dotarem, Guerbet) at 
a rate of 4 mL/s using an MR-compatible injector (Spectris, 
Medrad) and with utmost caution for the injection time 
as described previously.15,16 A 20-mL bolus of saline was 
injected subsequently at the same rate. Our strategies to 
minimize the probability of patient motions and differ-
ences in the time to first-pass peak, which may significantly 
affect the data evaluation, were described previously.15,16 
Geometric parameters were chosen identical for these 4 
sequences: in-plane resolution: 1.8  ×  1.8  mm, slice thick-
ness: 4 mm; 29 slices; GRAPPA factor of 2. The additional 
acquisition time (TA) for the qBOLD (R2* and R2-mapping: 
TA, 1.5 and 3.5  min, respectively) and VAM sequences 
(SE-EPI DSC perfusion: TA, 2 min) was 7 minutes.

MRI Data Preprocessing and Calculation of MRI 
biomarker

Preprocessing of qBOLD and VAM data, and calculation 
of MRI biomarker maps for oxygen metabolism and neo-
vascularization (phases 2 and 3 of the TME approach) were 
performed with custom-made MatLab (MathWorks) soft-
ware. Both qBOLD and VAM preprocessing consisted of 
3 steps.

qBOLD preprocessing: (i) corrections for background 
fields of the R2*-mapping data20 and for stimulated echoes 
of the R2-mapping data,21 (ii) calculation of R2* and R2 maps 

from the multi-echo relaxometry data, and (iii) calculation 
of absolute cerebral blood volume and flow maps from the 
GE-EPI DSC perfusion MRI data via automatic identifica-
tion of arterial input functions.22,23 These data were used 
for calculation of MRI biomarker maps of oxygen metabo-
lism, including oxygen extraction fraction (OEF), cerebral 
metabolic rate of oxygen (CMRO2),

17 and the average mito-
chondrial oxygen tension (mitoPO2), respectively.24,25

VAM preprocessing: (i) correction for remaining contrast 
agent extravasation was performed as described previ-
ously,15,26,27 (ii) fitting of the first bolus curves for each voxel 
of the GE- and SE-DSC perfusion data with a previously 
described gamma-variate function,28 (iii) calculation of 
the ∆R2,GE versus (∆R2,SE)3/2 diagram29—the so-called vas-
cular hysteresis loop. These data were used for calculation 
of MRI biomarker maps of neovascularization, including 
the microvessel type indicator (MTI) as well as the upper 
limit of microvessel radius (RU) and microvessel density 
(NU)30 Supplementary Fig. S1 (phases 1–3) shows the pro-
cedure from MRI data acquisition over preprocessing to 
biomarker calculation schematically. The corresponding 
Supplementary text provides a more detailed discussion of 
the methodology.

Information Fusion and Tumor Microenvironment 
Classification

Fusion of MRI biomarker information about oxygen 
metabolism (OEF, CMRO2, mitoPO2) and neovasculariza-
tion (MTI, RU, NU) as well as classification of TME (phase 
4)  were performed with custom-made MatLab software 
and consisted of 4 steps: (i) classification of the oxidative 
status in mitochondria; (ii) classification integrity of the 
tumor neovasculature; (iii) fusion of this classified informa-
tion in one imaging dataset; and (iv) classification of TME 
within this dataset including and considering the CMRO2-
OEF scatterplot (see bottom of Supplementary Fig. S1 and 
the corresponding Supplementary text for a more detailed 
discussion). This procedure was associated with the intro-
duction of 6 different TMEs for oxygen metabolism and 
neovascularization:

(i) A TME with mitoPO2  <  10  mmHg (associated with 
high OEF and normal to high CMRO2 compared with 
cNWM) and dysfunctional neovasculature was inter-
preted as hypoxia with defective tumor neovascu-
lature (“Hypoxia, no neovascularization [NV]”; red 
voxels in the TME map).

(ii) A TME with mitoPO2 < 10 mmHg (normal to low OEF 
and high CMRO2) and functional neovasculature was 
interpreted as hypoxia with functional tumor neovas-
culature and predominantly mitochondrial oxidative 
phosphorylation for energy production (“Hypoxia + 
NV”; yellow voxels).

(iii) A TME with mitoPO2 = 10–60 mmHg and no neovascu-
larization (very high OEF and low CMRO2) was inter-
preted as necrosis with highly defective vasculature 
(“Necrosis”; black voxels).

(iv) A TME with mitoPO2  =  10–60  mmHg and neovascu-
larization (low OEF and normal to high CMRO2) was 
interpreted as normoxic tumor with functional tumor 

http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noy066#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noy066#supplementary-data
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from the multi-echo relaxometry data, and (iii) calculation 
of absolute cerebral blood volume and flow maps from the 
GE-EPI DSC perfusion MRI data via automatic identifica-
tion of arterial input functions.22,23 These data were used 
for calculation of MRI biomarker maps of oxygen metabo-
lism, including oxygen extraction fraction (OEF), cerebral 
metabolic rate of oxygen (CMRO2),

17 and the average mito-
chondrial oxygen tension (mitoPO2), respectively.24,25

VAM preprocessing: (i) correction for remaining contrast 
agent extravasation was performed as described previ-
ously,15,26,27 (ii) fitting of the first bolus curves for each voxel 
of the GE- and SE-DSC perfusion data with a previously 
described gamma-variate function,28 (iii) calculation of 
the ∆R2,GE versus (∆R2,SE)3/2 diagram29—the so-called vas-
cular hysteresis loop. These data were used for calculation 
of MRI biomarker maps of neovascularization, including 
the microvessel type indicator (MTI) as well as the upper 
limit of microvessel radius (RU) and microvessel density 
(NU)30 Supplementary Fig. S1 (phases 1–3) shows the pro-
cedure from MRI data acquisition over preprocessing to 
biomarker calculation schematically. The corresponding 
Supplementary text provides a more detailed discussion of 
the methodology.

Information Fusion and Tumor Microenvironment 
Classification

Fusion of MRI biomarker information about oxygen 
metabolism (OEF, CMRO2, mitoPO2) and neovasculariza-
tion (MTI, RU, NU) as well as classification of TME (phase 
4)  were performed with custom-made MatLab software 
and consisted of 4 steps: (i) classification of the oxidative 
status in mitochondria; (ii) classification integrity of the 
tumor neovasculature; (iii) fusion of this classified informa-
tion in one imaging dataset; and (iv) classification of TME 
within this dataset including and considering the CMRO2-
OEF scatterplot (see bottom of Supplementary Fig. S1 and 
the corresponding Supplementary text for a more detailed 
discussion). This procedure was associated with the intro-
duction of 6 different TMEs for oxygen metabolism and 
neovascularization:

(i) A TME with mitoPO2  <  10  mmHg (associated with 
high OEF and normal to high CMRO2 compared with 
cNWM) and dysfunctional neovasculature was inter-
preted as hypoxia with defective tumor neovascu-
lature (“Hypoxia, no neovascularization [NV]”; red 
voxels in the TME map).

(ii) A TME with mitoPO2 < 10 mmHg (normal to low OEF 
and high CMRO2) and functional neovasculature was 
interpreted as hypoxia with functional tumor neovas-
culature and predominantly mitochondrial oxidative 
phosphorylation for energy production (“Hypoxia + 
NV”; yellow voxels).

(iii) A TME with mitoPO2 = 10–60 mmHg and no neovascu-
larization (very high OEF and low CMRO2) was inter-
preted as necrosis with highly defective vasculature 
(“Necrosis”; black voxels).

(iv) A TME with mitoPO2  =  10–60  mmHg and neovascu-
larization (low OEF and normal to high CMRO2) was 
interpreted as normoxic tumor with functional tumor 

neovasculature and, due to the high CMRO2, predomi-
nantly mitochondrial oxidative phosphorylation for 
energy production (“OxPhos + NV”; green voxels).

(v) A TME with mitoPO2 > 60 mmHg and neovasculariza-
tion (very low OEF and low to normal CMRO2) was 
interpreted as tumor tissue with high mitochondrial 
oxygen tension and functional neovasculature and, 
due to the low CMRO2, predominantly glycolysis for 
energy production without mitochondrial involvement 
(“Glycolysis + NV”; blue voxels).

(vi) A TME with mitoPO2 > 60 mmHg and no neovasculari-
zation (again very low OEF and low to normal CMRO2) 
was interpreted as tumor tissue with high mitochon-
drial oxygen tension, without neovasculature, and 
due to the low CMRO2, predominantly glycolysis for 
energy production without mitochondrial involvement 
(“Glycolysis, no NV”; blue voxels).

As described in parentheses above, the voxels of each TME 
were assigned different colors, which resulted in the so-
called oxygen metabolism-neovascularization TME map. 
For higher clarity and better assessability of the TME maps, 
we decided to use blue color for both the “Glycolysis + NV” 
and the “Glycolysis, no NV” TME, resulting in 5 TMEs in the 
respective maps. This is additionally supported by the very 
small volume (≤5%) found for the “Glycolysis, no NV” TME.

Quantitative Analysis

For quantitative analysis of the TMEs, regions of interest 
(ROIs) were manually defined based on features seen in 
the FLAIR images for cNWM and in the contrast-enhanced 
T1-weighted images for the enhancing tumor region, 
respectively. The ROIs were transferred to the TME maps. 
The ROIs for enhancing tumor, which were transferred 
to the TME maps, covered at least 75% of the total tumor 
volume. The volumes of the 6 TMEs were calculated. The 
volume of the “Glycolysis + NV” TME was used for differ-
entiation of phenotypes. MRI biomarker values for oxygen 
metabolism (OEF, CMRO2, mitoPO2) and for neovasculari-
zation (MTI, NU, RU) were averaged for each of the 6 TMEs 
and cNWM. Additionally, the total tumor volumes were cal-
culated on contrast-enhanced T1-weighted MRIs.

Statistical and Survival Analysis

SPSS 21 software (IBM) was used for statistical evaluation. 
A Mann–Whitney test was used for comparison of volumes 
and biomarker values of the tumor subareas between the 
2 phenotypes. Linear regression analyses were performed 
for correlations between MRI biomarkers for oxygen 
metabolism and neovascularization. P-values <0.05 were 
considered to indicate significance. We performed Kaplan–
Meier survival analysis with the log-rank test on categori-
cal clinical variables, including age ≥60  years, Karnofsky 
performance score (KPS)  <80, extent of resection (EOR), 
and the discovered metabolic groups. EOR was deter-
mined by a postoperative MRI which was performed within 
48 hours after surgery. Cross total resection was defined as 
complete resection (>95%) of the enhancing tumor, or else 
as subtotal resection (≤95%). Factors that were significant 

(P  < 0.05) in univariate analysis were entered into multi-
variate survival analysis based on the Cox proportional 
hazard ratio (HR) model to assess the clinical significance 
of metabolic phenotypes in association with progression-
free survival (PFS) after accounting for other clinical prog-
nostic covariates. Progression was determined by at least 
2 board-certified radiologists in consensus based on the 
updated Response Assessment in Neuro-Oncology criteria 
with clear radiological features of recurrence.31 Overall sur-
vival (OS) was defined from the time of initial diagnosis 
to death. Patients without progression or still alive at last 
contact were censored for PFS or OS analysis, respectively.

Results

Patient Characteristics

A total of 57 consecutive patients fulfilled the study inclu-
sion criteria. Five patients had a glioblastoma with a muta-
tion of the IDH1 gene (IDH1mut). Due to the very small 
patient number, we decided to exclude these patients from 
the study. Finally, 52 patients (32 male; 63.5 ± 12.6 y; 36–86 
y) with untreated glioblastomas with normal, wild-type 
gene (IDH1wt) were included for further evaluation. Nine 
patients had a KPS of 60–65, another 3 had a score of 70, 
and the rest had 80 or above. Median PFS was 173 days; 
8 patients (15%) without progression at last contact were 
censored. Median OS was 224 days; 25 patients (48%) still 
alive at last contact were censored. Due to the high num-
ber of censored patients for OS, we decided to perform no 
further survival analysis for OS.

Intratumoral Heterogeneity of Oxygen 
Metabolism and Neovascularization

MRI biomarker maps of oxygen metabolism (OEF, CMRO2, 
mitoPO2) and neovascularization (MTI, NU, RU) were suc-
cessfully calculated for all 52 patients suffering from 
glioblastoma IDH1wt. Both oxygen metabolism and neo-
vascularization already provided indication for the spatial 
heterogeneity of TMEs within the lesion. Fig.  1 shows a 
representative example for the complex pattern of altera-
tions in the MRI biomarker maps of oxygen metabolism 
and neovascularization (upper row) in a 61-year-old male 
glioblastoma patient. This made interpretation, even from 
a qualitative point of view, challenging and not straight-
forward. Information fusion (Fig. 1, lower row) of oxygen 
metabolism and neovascularization resulted in a single 
and more intuitive map (ie, the TME map). This map dem-
onstrated the heterogeneity, spatial localization, size, and 
magnitude of physiologic features of the TMEs: necrosis, 
hypoxia, OxPhos, and glycolysis combined with/without 
neovascularization. The TME map as well as the CMRO2-
OEF scatterplot demonstrated that this glioblastoma was 
dominated by glycolysis (50.6% of the tumor volume) 
and functional, stable neovasculature with, however, 
low percentages of necrosis and hypoxia. In this patient, 
80.8% of the tumor volume showed functional neovas-
culature and 19.2% defective neovasculature. Two further 
illustrative cases suffering from a glioblastoma with very 

http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noy066#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noy066#supplementary-data
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similar characteristics regarding heterogeneity of oxy-
gen metabolism and neovascularization are presented in 
Supplementary Fig. S2.

Heterogeneity of alterations in the MRI biomarker maps 
of oxygen metabolism and neovascularization in the glio-
blastoma was similar in the patient presented in Fig.  2 
(upper row). The TME map and the CMRO2-OEF scatterplot, 
however, demonstrated that this glioblastoma was sub-
stantially less glycolytic (8.9% of the tumor volume), but 
more necrotic (21.5%) and especially more hypoxic (34.4% 
with no NV and 20.5% with NV, respectively) compared 
with the patients in Fig. 1 and Supplementary Fig. S2. In 
this patient, only 49.6% of the tumor volume showed 
functional neovasculature but 50.4% of the tumor vascu-
lature was defective. Two other illustrative cases of glio-
blastoma with very similar characteristics are shown in 
Supplementary Fig. S3.

 Although we detected differences in the percentage of 
the different TMEs related to the total tumor volume, the 
fundamental spatial structure and arrangement of the 

TMEs was similar in all patients: the central necrosis was 
surrounded by a hypoxic TME with defective vasculature 
followed by a hypoxic TME with (still) functional neovas-
culature. This necrotic/hypoxic tumor core, in turn, was 
surrounded by TMEs with predominantly mitochondrial 
OxPhos and glycolysis, respectively, for energy production.

Subgroups of Glioblastoma IDH1wt

Analysis of the “Glycolysis + NV” TME volumes for all 52 
patients uncovered 2 subgroups of glioblastoma IDH1wt 
with no overlap for the range of these values. We used this 
parameter for differentiation of 2 phenotypes: (i) a glyco-
lytic dominated phenotype with predominantly functional 
neovasculature; the range for the “Glycolysis + NV” TME 
volume was 33.9%–85.6% (53.8  ±  12.9%); (ii) a necrotic/
hypoxic dominated phenotype with high percentage of 
defective tumor neovasculature; the “Glycolysis + NV” 
TME volume was 0.9%–18.0% (10.6  ±  5.0%; Fig.  3). All 
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Fig. 1 Conventional anatomic MRI (cMRI; grey box), oxygen metabolism (OEF, CMRO2, mitoPO2; blue box), neovascularization (MTI; red box), 
and TME mapping (downright) in a 61-year-old male patient with glioblastoma IDH1wt. Oxygen metabolism and neovascularization demonstrated 
spatial heterogeneity within the lesion. Information fusion of oxygen metabolism and neovascularization using our TME approach resulted in the 
CMRO2-OEF scatterplot and finally in the TME map. This glioblastoma was dominated by glycolysis (50.6% of the tumor volume) and functional, 
stable neovasculature (80.8% of the tumor volume showed neovascularization).

http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noy066#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noy066#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noy066#supplementary-data
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other TME volumes (necrosis; hypoxia; and glycolysis, no 
NV) revealed an overlap of the ranges but significant dif-
ferences between the 2 subgroups (all P ≤ 0.005), except 
for the OxPhos (+NV) TME (P  =  0.978), which revealed a 
very similar percentage: 19.6% versus 19.9%, respectively 
(Fig. 3). The very small percentage of the “Glycolysis, no 
NV” TME for both phenotypes (3.9% and 2.6%) supported 
our decision to use blue color for both glycolysis (with/
without NV) TME to preserve clarity and assessability of 
the TME maps. Patient characteristics of the 2 subgroups 
of glioblastoma are presented in Supplementary Table S1. 
There were no significant differences in age, sex, KPS, con-
trast-enhanced T1-weighted MRI tumor volume, and EOR 
between the subgroups.

The mean CMRO2 value averaged over the whole tumor 
volume was found significantly lower (P  <  0.001) in the 
glycolytic compared with the necrotic/hypoxic phenotype. 
The percentage of tumor volume with functional neovas-
culature, however, was significantly larger (P  <  0.001) in 
the glycolytic phenotype (Fig.  4A and B). Furthermore, 
we found a significant and strong correlation (P  < 0.001, 

R = 0.708) between mean CMRO2 and percentage of func-
tional neovasculature in the necrotic/hypoxic subgroup, 
but not in the glycolytic subgroup (P  =  0.355, R  =  0.185; 
Fig. 4C). An overview of the biomarker values of oxygen 
metabolism and neovascularization for the different TMEs 
in the 2 phenotypes of glioblastoma IDH1wt is presented in 
Supplementary Table S2.

Survival Analysis

Kaplan–Meier survival analysis revealed that the glyco-
lytic dominated phenotype with predominantly functional 
neovasculature showed significantly longer PFS (log-rank 
P = 0.035) compared with the necrotic/hypoxic dominated 
phenotype with high percentage of defective neovascu-
lature (Fig. 4D). Univariate survival analysis in the entire 
cohort of patients showed that age at diagnosis (<60 y 
vs ≥60 y; P = 0.423) and sex (female vs male; P = 0.593) 
were not significant prognostic factors for PFS. These fac-
tors were not included in multivariate analysis. However, 
preoperative KPS (≥80 vs <80; P = 0.007; HR, 2.712), EOR 
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(gross total vs subtotal resection; P = 0.033; HR, 2.269), and 
the metabolic phenotype (glycolytic vs necrotic/hypoxic; 
P = 0.035; HR, 1.920) were significant prognostic factors for 
PFS. For the multivariate analysis, however, age, preopera-
tion, and metabolic phenotype lost significance as prog-
nostic factors for PFS (Table 1).

Discussion

Heterogeneity of glioblastoma is of high relevance for both 
clinical patient management and research. In this study, we 
introduced an advanced imaging approach for non-inva-
sive localization of hypoxic and vascular niches within the 
heterogeneously structured TME. After correlation of TME 
with the dominating metabolic strategy for energy produc-
tion, we were able to identify 2 different metabolic pheno-
types for newly diagnosed glioblastoma IDH1wt.

The finding of a common spatial structure and arrange-
ment of the TMEs is conclusively explainable due to the 
known sequence of events during the development of 
glioblastoma obtained from preclinical studies and histo-
pathology.2,32 The widely accepted model of glioblastoma 
progression includes an explanation of the relationship 
between pseudopalisades, angiogenesis, and aggressive 

clinical behavior.33,34 Initially, tumor cells infiltrate through 
the central nervous system and receive oxygen and nutri-
ent supplies through vascular co-option of intact native 
blood vessels.2 Co-opted vessels have been shown to 
express angiopoietin-2, which in the absence of vascular 
endothelial growth factor (VEGF) promotes endothelial cell 
apoptosis, vessel regression, vascular occlusion, and intra-
vascular thrombosis within the tumor.34 Tumor cells begin 
to migrate away from the increasing hypoxia around the 
vascular pathology and create a peripherally moving wave 
(known as pseudopalisades) and central necrosis. The 
zone of necrosis and hypoxia expands and the migrating 
hypoxic pseudopalisading glioma cells secrete hypoxia-
inducible factor 1α and VEGF, leading to neovasculariza-
tion and in further consequence to an accelerated outward 
expansion of tumor cells toward a new vasculature.

This model well explains the spatial structure and 
arrangement of the TMEs which we found in our study: a 
central necrosis was surrounded by hypoxia with defective 
vasculature and hypoxia with (still) functional neovascu-
lature, respectively. This necrotic/hypoxic tumor core was 
enclosed by 2 TMEs with functional neovasculature: a rim 
with mitochondrial OxPhos followed by glycolysis, respec-
tively. These rims represented the most active part of the 
glioblastoma, which showed, interestingly, mitochondrial 
OxPhos and glycolysis for energy production. This may 
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Table 1 Univariate and multivariate analysis of PFS outcomes for glioblastoma patients with an IDH1wt tumor (N = 52)

Univariate Multivariate

Characteristic P-value HR (95% CI) P-value HR (95% CI)

Age (≥60 y) 0.425 1.285 (0.694–2.380)

Sex (male) 0.594 0.843 (0.449–1.582)

Preop. KPS (<80) 0.009 2.712 (1.277–5.760) 0.145 1.808 (0.815–4.012)

EOR (subtotal) 0.038 2.269 (1.047–4.918) 0.077 2.077 (0.925–4.666)

Metab. PT (necr/hypox) 0.038 1.920 (1.036–3.560) 0.070 1.810 (0.952–3.440)

Abbreviations: Metab. PT (necr/hypox), metabolic phenotype (necrotic/hypoxic dominated phenotype with high ratio of defective 
neovascularization).
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be explained as follows. It is well known that the necrotic/
hypoxic tumor core is associated with host-mediated 
inflammatory response at the edge of the zone by activated 
macrophages and microglia.35–38 Whether this response 
represents an active antitumor defense mechanism (M1) or 
a tumor-supportive one (M2) depends on the polarization 
of the microglia and macrophages. Wu et al39 have shown 
that glioblastoma cancer stem cells can recruit and polar-
ize microglia and macrophages to a tumor-supportive M2 
phenotype, inhibiting phagocytosis, inducing secretion of 
immunosuppressive cytokines, and resulting in inhibition 
of T-cell proliferation. M2 polarization of microglia and mac-
rophages, however, has been previously associated with 
oxidative phosphorylation.40,41 Transferred to our findings, 
this may support the assumption that the outer hypoxic 
TME with functional neovasculature as well as the OxPhos 
TME—both showed the highest CMRO2, which is charac-
teristic for mitochondrial OxPhos—are regions with a high 
content of tumor-supportive microglia and macrophages 
recruited by the tumor to evade immune destruction and 
support cancer progression. The presence of the glycolytic 
TME can be explained as follows: proliferating cancer pre-
dominantly use aerobic glycolysis that ferments glucose 
into lactate, even in the presence of abundant oxygen. 
Glioblastoma cells use this metabolic shift toward aerobic 
glycolysis to generate precursors for anabolism to grow 
and generate enough ATP to maintain cell function.42

By analyzing the percentage of the different TMEs on the 
tumor volume, we uncovered 2 phenotypes of glioblas-
toma IDH1wt, which differ in the proportion of necrosis, 
hypoxia, neovascularization, and utilization of glycolysis 
for energy production. The glycolytic phenotype was asso-
ciated with a stable functional neovasculature and a per-
centage of necrosis and hypoxia of less than 25% of the 
total tumor volume. This phenotype showed lower mean 
CMRO2 and longer PFS compared with the necrotic/
hypoxic phenotype. The necrotic/hypoxic phenotype was 
characterized by a high proportion of unstable defective 
dysfunctional neovasculature, suggesting a more aggres-
sive tumor behavior. This phenotype had a strong linear 
correlation between mean CMRO2 and percentage of func-
tional neovasculature. This correlation is indicative of a 
coupling between oxygen metabolism and neovasculariza-
tion and of a tumor vasculature which is incapable to suf-
ficiently supply the tumor with oxygen.

With respect to tumor niches, the glycolytic phenotype 
with high percentage of stable functional neovasculature 
is dominated by the vascular niche. A  close association 
between endothelial cells and neural stem cells was dem-
onstrated in a seminal work by Shen et al.43 They found that 
endothelial cells secrete factors that stimulate self-renewal 
of neural stem cells and proposed that endothelial cells are 
an integral component of the stem cell niche. This vascular 
niche has also been demonstrated in glioblastoma stem 
cells.44,45 The vascular niche provides a protective microenvi-
ronment in which glioblastoma stem cells are able to freely 
proliferate and remain undifferentiated and are unaffected 
by any external influences.44,45 In the necrotic/hypoxic phe-
notype with a high percentage of defective neovasculature, 
however, the hypoxic niche plays a major role, which is 
associated with tumor progression and resistance to both 

radiotherapy and chemotherapy.2 Hypoxia promotes a 
more malignant phenotype of cancer cells and supports the 
survival of glioma stem cells, which possess greater drug 
resistance, self-renewal potential, and tumorigenicity.46,47

There are several limitations in our study. The number of 
patients for the subgroups (N = 27 vs 25) was relatively small 
and we were not able to include glioblastoma with mutation 
of the IDH1 gene as a separate subgroup. IDH1, however, is 
only mutated in ~10% of glioblastoma.48 We were not able to 
provide valid data about OS due to the large number of cen-
sored patients in the survival analysis of OS. A further limi-
tation of our study is that we did not include a validation of 
our approach. Biological validation of the MR-based param-
eters for mitoPO2, CMRO2, hypoxia, and neovascularization 
is required by correlation with findings from immunohis-
tochemistry, invasive methods, or other imaging modali-
ties (eg, PET).49,50 Furthermore, we focused on the spatial 
heterogeneity within the gadolinium-enhanced tumor and 
excluded the peritumoral brain zone. In cases where the 
gadolinium-enhanced portion of the glioblastoma is com-
pletely resected, 90% of recurrences occur at the margin 
of surgical resection in the macroscopically normal peritu-
moral brain zone.1 The purpose of our study, however, was 
to introduce a non-invasive imaging approach for localiza-
tion and investigation of TME in glioblastoma.

In conclusion, we performed fusion of imaging param-
eters about energy production and neovascularization (2 
hallmarks of cancer) and thereby gained a more precise 
insight into the intratumoral heterogeneity of human glio-
blastoma’s pathophysiology. Our non-invasive mapping 
approach allows for user-independent classification of 
TMEs and detection of hypoxic and vascular niches in glio-
blastoma. This enabled us to identify patient subgroups 
with significantly different PFS. However, further studies 
are necessary including more patients, histopathologic 
correlation, peritumoral brain zone, and/or preclinical data 
for validation of the approach.
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online.
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