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Abstract

Purpose: Glioblastoma (GB) is one of the most vascularized of all solid tumors and, therefore,
represents an attractive target for antiangiogenic therapies. Many lesions, however, quickly
develop escape mechanisms associated with changes in the tumor microenvironment (TME)
resulting in rapid treatment failure. To prevent patients from adverse effects of ineffective
therapy, there is a strong need to better predict and monitor antiangiogenic treatment response.
Procedures: We utilized a novel physiological magnetic resonance imaging (MRI) method
combining the visualization of oxygen metabolism and neovascularization for classification of
five different TME compartments: necrosis, hypoxia with/without neovascularization, oxidative
phosphorylation, and aerobic glycolysis. This approach, termed TME mapping, was used to
monitor changes in tumor biology and pathophysiology within the TME in response to
bevacizumab treatment in 18 patients with recurrent GB.

Results: We detected dramatic changes in the TME by rearrangement of its compartments after
the onset of bevacizumab treatment. All patients showed a decrease in active tumor volume and
neovascularization as well as an increase in hypoxia and necrosis in the first follow-up after
3 months. We found that recurrent GB with a high percentage of neovascularization and active
tumor before bevacizumab onset showed a poor or no treatment response.

Conclusions: TME mapping might be useful to develop strategies for patient stratification and
response prediction before bevacizumab onset.

Key words: Glioblastoma, Bevacizumab, Antiangiogenic therapy, Recurrence, Treatment
monitoring, Treatment failure, Tumor microenvironment, Hypoxia, Angiogenesis

Introduction

Glioblastoma (GB) is the most aggressive primary brain tumor
_— in adults. Despite multimodal treatment involving neurosur-
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and hypoxic areas as well as regions showing extensive
invasion into the brain parenchyma or high proliferation rate
with an elevated expression of vascular endothelial growth
factor (VEGF) protein. VEGF has been identified as a critical
regulator of tumor neovascularization, endothelial cell prolif-
eration, and migration [3]. GB is therefore an attractive target
for antiangiogenic therapies [4], and the VEGF-specific
antibody bevacizumab was approved by the Food and Drug
Administration (FDA) for this purpose in 2009 [5].

Anti-VEGF agents including bevacizumab have been
shown to rapidly decrease vascular permeability of tumor
vessels associated with a normalization of vascular architec-
ture. This commonly results in high radiological response
rates of 25 to 60 % [5-7] due to a marked decrease of
contrast enhancement, hyperperfusion, and edema [6, 8].
Therefore, apparent responses to antiangiogenic therapy may
be not necessarily indicative of a true antiglioma effect, and
radiological response assessment should be interpreted with
caution even though its criteria have been updated by the
Response Assessment in Neuro-Oncology (RANO) working
group [9, 10].

Clinical trials of bevacizumab in recurrent GB have
shown a prolongation of progression-free survival, but the
impact of this therapy on overall survival remains unclear
[11, 12]. Responding patients typically have an initial short-
term benefit, but unfortunately, these tumors continue to
progress [12]. The reason is that bevacizumab has been
associated with a number of changes in the tumor microen-
vironment (TME) such as secretion of angiogenic cytokines
or lowering of oxygen levels [4, 13]. Hypoxia is thought to
induce alternative angiogenic growth factors (e.g., fibroblast
growth factor 2) [14, 15], which replace VEGF in the
interaction between tumor and endothelial cells and may
even directly stimulate neovascularization [13]. De Groot
et al. [16] showed that prolonged, continuous antiangiogenic
therapy can result in increased tumor hypoxia, and GB may
develop a shift to a predominantly infiltrative phenotype
upon treatment with bevacizumab. Preclinical studies dem-
onstrated, however, that a hypoxic TME appears to favor a
metabolic switch in tumor cells towards an increased
glycolysis [4, 17].

These compartments present specific niches (i.e., vascular
and hypoxic niches) within the TME which are emerging as
critical regulators of cancer progression and therapeutic
response in GB [18, 19]. Accumulating evidence suggests
that intratumoral heterogeneity and divergent development
of the TME within the same tumor are probably the keys for
understanding treatment failure [20-23]. Thus, there is a
need for noninvasive in vivo investigation of the TME
heterogeneity in order to determine adequately or even
predict a treatment response to antiangiogenic agents. Issues
of invasiveness (electrodes) as well as limitations in access
(['*0]0, positron emission tomography (PET)) or low
spatial resolution (near-infrared spectroscopy, NIRS) make
the existing techniques impractical for in vivo characteriza-
tion in humans. A novel multiparametric MRI approach

(termed “TME mapping”) has been introduced recently,
which allows for classification of the TME and detection of
tumor-supportive hypoxic and vascular niches in GB
patients [24]. TME mapping enables the assessment of the
dominant metabolic strategy for energy production and
uncovers two survival-relevant metabolic phenotypes of
GB. In this study, we used this MRI approach and
hypothesized that TME mapping provides insight into
pathophysiological mechanisms of bevacizumab and fur-
thermore predicts the treatment response in patients with
recurrent GB.

Materials and Methods

Patients

Reviewing our institutional databases, we identified patients
with GB World Health Organization (WHO) grade IV
meeting the following inclusion criteria: (i) aged > 18 years;
(i) pathologically confirmed GB based on the WHO
histological grading system; (iii) recurrence of the tumor
after treatment according to standard of care (maximal safe
resection, radiotherapy, and concomitant and adjuvant
chemotherapy with temozolomide) [2]; (iv) recurrence was
determined by at least two board-certified radiologists in
consensus based on the updated RANO criteria [9, 10] with
clear radiological features of recurrence; (v) bevacizumab
(Avastin®, Roche; every 2 weeks 10 mg/kg-bodyweight) as
second-line mono-therapy of the recurrent GB; and (vi) MRI
data using our study MRI protocol available at recurrence
and follow-up MRI examinations. This retrospective analy-
sis was approved by the institutional ethics committee of the
University of Erlangen and the University Clinic of St.
Polten, and all patients gave their written informed consent
permitting scientific work with clinical data and MRI scans.

MRI Data Acquisition

MRI examinations were performed 1-5 days prior to (pre-
bevacizumab) as well as 3 and 6 months after bevacizumab
treatment onset (follow-up 1 and 2), respectively, on a 3
Tesla clinical scanner (Tim Trio, Siemens, Erlangen,
Germany) equipped with a standard 12-channel head coil.
The MRI protocol included the following sequences: axial
fluid—attenuated inversion-recovery (FLAIR; TR/TE/TI,
5000/460/1800 ms; in-plane resolution, 0.45x0.45 mm;
slice thickness, 3 mm); a single-shot diffusion-weighted
echo-planar imaging (DW-EPI) sequence (TR/TE, 5300/
98 ms; in-plane resolution, 1.2 x 1.2 mm; slice thickness,
4 mm; 29 slices, b values of 0 and 1000 s/mmz); and pre-
and post-contrast-enhanced T1-weighted gradient-echo MRI
sequences (TR/TE, 250/2.8 ms; in-plane resolution, 0.5 x
0.5 mm; slice thickness, 4 mm; 29 slices).

For oxygen metabolism, we used the multiparametric
quantitative blood oxygen level-dependent imaging
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(qgBOLD) approach, which required (i) a multi-echo gradient
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) was performed,
respectively.

For neovascularization, we used the vascular architecture
mapping (VAM) approach, which required a 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, using dual contrast
agent injections [25-27]. Sixty dynamic measurements were
used for both DSC perfusion experiments in combination
with the injection of 0.1 mmol/kg-bodyweight gadoterate-
meglumine (Dotarem, Guerbet) with a flow of 4 ml/s via a
MR-compatible injector (Spectris, Medrad) followed by a
20-ml bolus of saline. Methods to minimize patient motion
artifacts as well as variations in the contrast media bolus
passage that could massively impair data post-processing
were published previously [26, 27]. In order to allow for
calculations during data post-processing, all five MRI
sequences (DW-EPI, R2*-mapping, R2-mapping, SE- EPI
DSC, and GE-EPI DSC) had the same geometric parameters:
1.8 x 1.8 mm; slice thickness, 4 mm; 29 slices. The time
additional required for the gBOLD (R2*-mapping and R2-
mapping) and VAM sequences (SE-EPI DSC) was 7 min.

MRI Data Processing

Processing of qBOLD and VAM data, and calculation of
MRI biomarker maps for oxygen metabolism and neovas-
cularization, was performed with custom-made MatLab
(MathWorks, Natick, MA) software. Details about the whole
data processing pipeline from MRI data acquisition over pre-
processing to biomarker calculation are shown online in the
Electronic Supplementary Materials (ESM, Suppl. Fig. 1).
Both, gBOLD and VAM data processing, consisted of three
steps.

The qBOLD data processing: (i) Corrections for back-
ground fields of the R2*-mapping data20 and for stimulated
echoes of the R2-mapping data [28]; (ii) calculation of R2*-
maps and R2-maps from the multi-echo MR-relaxometry
data; and (iii) calculation of absolute cerebral blood volume
(CBV) and flow (CBF) maps from the GE-EPI DSC
perfusion MRI data via automatic identification of arterial
input functions (AIFs) [29, 30]. These data were used for
calculation of MRI biomarker maps of oxygen metabolism,
including oxygen extraction fraction (OEF), cerebral meta-
bolic rate of oxygen (CMRO,) [31], and the average
mitochondrial oxygen tension (mitoPO,), as described
previously [32, 33].

The VAM data processing was described in detail
previously [25, 27]. Briefly, it consisted of (i) correction
for remaining contrast agent extravasation [34, 35]; (ii)
fitting of the first bolus curves for each voxel of the GE-
DSC and SE-DSC perfusion data with gamma-variate

function [36]; and (iii) calculation of the AR, ggversus
(ARz,SE)y2 diagram [37]—the so-called vascular hysteresis
loop (VHL). These data were used for calculation of MRI
biomarker maps of neovascularization, including the
microvessel type indicator (MTI) and the upper limit of
microvessel density (Ny) and radius (Ry) [38].

Tumor Microenvironment Mapping

The TME mapping approach consisted of four steps [24]. (i)
classification of the oxidative status in mitochondria; (ii)
classification integrity of the tumor neovasculature; (iii)
fusion of this classified information in one imaging data set;
and (iv) classification of TME compartments within this data
set including and considering the CMRO,-OEF-scatterplot
(see bottom of Suppl. Fig. 1 in ESM and the corresponding
figure caption for a more detailed discussion). This
procedure was associated with the introduction of five
different TME compartments for oxygen metabolism and
neovascularization [24]. The criteria for classification of the
TME compartments are listed in Table 1.

The voxels of each TME compartment were assigned with
different colors (rightmost column in Table 1) which resulted in
the so-called oxygen metabolism-neovascularization TME
map. Additionally, the total tumor volume with neovascular-
ization was calculated as the sum of the TME compartments
hypoxia with NV, OxPhos, and glycolysis, respectively. The
active tumor volume was the sum of OxPhos and glycolysis.

Quantitative and Statistical Analysis

For quantitative analysis of the TME, regions of interest
(ROIs) were manually defined by experienced neuroradiol-
ogist and medical physicist in consensus based on features
seen in both the contrast-enhanced T1-weighted and FLAIR
images. The ROIs were transferred to the TME maps, and
the volumes of the five TME compartments were calculated.
Follow-up MRI examinations were evaluated using the
modified RANO criteria [9, 10]. In short, (i) progressive
disease defined as >25 % increase in the bidimensional
product; (ii) stable disease as <50 % decrease to <25 %
increase; and (iii) partial response >50 % decrease.

The Software (SPSS 21, IBM, Chicago, IL, USA) was
used for statistical evaluation. Differences in the five TME
compartments (necrosis, hypoxia with/without neovascular-
ization, OxPhos, glycolysis) and the total neovascularized
tumor volume over the course of all three examinations
(baseline, follow-ups 1 and 2) as well as between the three
patient subgroups (progression, stable disease, and partial
response) were determined by using analysis of variance
(ANOVA). The Dunnett T3 test was used as a post hoc
procedure to be consistent with the assumption that
homogeneity of variance was not met and for correction
for multiple comparisons. Homogeneity of variance was
tested by using the Levene test. P values less than 0.05 were
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Table 1.. Criteria for classification of TME compartments

mitoPO, limit CMRO, range OEF MIT limit NU limit Interpretation Abbreviation Voxel color
(mmHg) (umol/100 g min) range (%) (s (mm?) in TME map
<10 >80 >50 >-5.0 <250 Hypoxia with dysfunctional NV Hypoxia, no NV Red
<150 <5.0
<10 >150 <50 <-=5.0 >250 Hypoxia with functional NV Hypoxia + NV Yellow
>5.0
10-60 <130 >75 >-5.0 <250 Necrosis with highly defective vasculat. Necrosis Black
<5.0
10-60 >70 <50 <-5.0 >250 Normoxic tumor with functional NV OxPhos + NV Green
>5.0
> 60 <150 <20 <-5.0 >250 Energy prod. without mitochondrial involv.  Glycolysis + NV Blue
>5.0

mitoPO,, mitochondrial oxygen tension; CMRO,, cerebral metabolic rate of oxygen; OEF, oxygen extraction fraction; M7/, microvessel type indicator; Ny,

microvessel density; NV, neovascularization, TME, tumor microenvironment

considered to indicate significance. We performed Kaplan-
Meier survival analysis with the log-rank test on categorical
clinical variables, including age > 60 years, KPS <80, extent
of resection (EOR), gender, and patient subgroups.

Post-operative MRI examinations (48 h after surgery)
were used for determination of EOR. Resection of more than
95 % of the enhancing tumor was defined as “cross total
resection” or else (£95 % of the enhancing tumor) as
“subtotal resection.” Survival after progression (SAP) was
the time period between diagnosis of progression and death.
Radiologic progression was determined by two experienced
radiologists in consensus using the updated RANO criteria.
Clear radiological features of recurrence were required [9,
10]. Overall survival (OS) was the time period between
initial diagnosis and death. Patients who were alive at last
contact were censored for analysis of both SAP and OS.
Statistically significant (P <0.05) factors in univariate
analysis were considered in the multivariate survival
analysis using the Cox proportional hazard ratio (HR) model
for assessment of the association between the metabolic
phenotypes with SAP and OS.

Results

Patient Characteristics and Subgroups

A total of 18 patients (9 men, 9 women; mean age 55.6 +
12.8 years) with recurrent GB satisfied the inclusion criteria
and received overall 49 MRI scans with our study protocol
between July 2015 and June 2018. Six patients had a
Karnofsky performance score (KPS) of 80 or below; the
median KPS was 95 at diagnosis of recurrence. Median
overall survival (OS) and survival after progression (SAP)
was 633 and 254 days, respectively; six patients (33 %) still
alive at last contact were censored.

Analysis of conventional MRI data (including CE Tlw
and FLAIR) revealed the following three clinical patterns
assessed with the modified RANO criteria: (i) Progression
of the GB during bevacizumab treatment was observed in
five patients. In three of them, only one follow-up MRI
(3 months after treatment onset) was possible because of the

death of the patients. (ii) Another five patients demonstrated
stable disease in the first follow-up MRI. Two of them died
before the second follow-up MRI, and the remaining three
patients demonstrated GB progression in the second follow-
up MRI. (iii) Eight patients demonstrated a partial response
to bevacizumab in the first follow-up MRI. This resulted in
three patient subgroups regarding to the response to
bevacizumab assessed with the modified RANO criteria.
Patient characteristics of these three patient subgroups are
summarized in Table 2.

Differences in the TME Between Subgroups

MRI biomarker maps of oxygen metabolism (OEF, CMRO,,
mitoPO,) and neovascularization (MTI, Ny, Ry) were
calculated, and TME mapping was successfully performed
for all 18 MRI examinations before bevacizumab onset and
for all 31 follow-up examinations of the 18 patients,
respectively. All follow-up examinations demonstrated dra-
matic changes in the TME due to the antiangiogenic therapy.

In Fig. 1, conventional MRI, oxygen tension, neovascu-
larization, and TME mapping are depicted for a GB patient
with progression during bevacizumab treatment. Initially, in
this recurrent GB, a high percentage of the tumor volume
preferred glycolysis and OxPhos (i.e., was active tumor) and
a relative low percentage demonstrated necrosis and hypoxia
before bevacizumab onset. Neovascularization (i.e., the sum
of hypoxia with NV, OxPhos and glycolysis) was also high
with 69.6 % of the tumor. Following treatment, the
neovascularized tumor volume only decreased approxi-
mately by half to 35.7 % but increased in the second
follow-up again to 39.9 %. Similarly, the active tumor
volume decreased from 68.8 to 30.2 % in the first 3 months
after bevacizumab onset but started increasing again during
the second 3 months of the therapy to 33.1 %. Moreover, the
new development during this time period (infiltration into
the contralateral hemisphere) preferred OxPhos and glycol-
ysis. Another illustrative case of a patient with GB
progression under bevacizumab treatment is shown in Suppl.
Fig. 2 in the ESM.
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Table 2. Patient characteristics

ID Age Gender Histopathology Location KI EOR RANO

1 54.0 m GB WHO 1V, IDH wt 1, parietal 90 GTR Stable dis.
2 51.1 m GB WHO 1V, IDH wt r, frontal 100 STR Progression
3 31.1 m GB WHO 1V, IDH mut 1, frontal 100 GTR Stable dis.
4 34.0 f GB WHO 1V, IDH wt 1, frontal 80 GTR Progression
5 61.3 m GB WHO 1V, IDH wt r, temporal 80 GTR Part. resp.
6 52.7 f GB WHO 1V, IDH wt 1, frontal 80 STR Part. resp.
7 55.6 f GB WHO 1V, IDH wt 1, parietal 80 STR Stable dis.
8 44.0 f GB WHO 1V, IDH wt r, frontal 100 GTR Part. resp.
9 63.7 f GB WHO 1V, IDH wt 1, frontal 100 STR Part. resp.
10 76.7 m GB WHO 1V, IDH wt 1, frontal 100 GTR Progression
11 65.6 m GB WHO 1V, IDH wt 1, parietal 100 STR Progression
12 70.6 f GB WHO 1V, IDH wt r, temporal 100 GTR Stable dis.
13 63.2 f GB WHO 1V, IDH wt r, parietal 75 STR Part. resp.
14 44.1 m GB WHO 1V, IDH wt 1, parietal 100 GTR Progression
15 44.1 m GB WHO 1V, IDH wt r, frontal 100 GTR Part. resp.
16 51.1 f GB WHO 1V, IDH wt r, parietal 90 STR Part. resp.
17 70.6 f GB WHO 1V, IDH mut r, occipital 90 STR Stable dis.
18 67.3 m GB WHO 1V, IDH wt r, temporal 80 STR Part. resp.

m, male; f, female; GB, glioblastoma; /DH, isocitrate dehydrogenase gene; wr, wild type; mut, mutated; 7, left; r, right; GTR, gross total resection; STR,
subtotal resection

Conventional MRI Oxygen Metabolism Neovascularization = Tumor Microenvironment (TME)
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Fig. 1. Progression of recurrent GB following bevacizumab. Tumor microenvironment (TME) mapping of a patient (ID 14 in
Table 2) suffering from recurrent GB a before bevacizumab onset, b at 3-month follow-up, and ¢ at 6-month follow-up. This
patient showed progression of the GB under bevacizumab treatment in the first follow-up. From left to right: conventional
anatomic MRI (cMRI; gray box) including contrast-enhanced T1-weighted and FLAIR MRI; maps of mitochondrial oxygen
tension (mitoPO,) and microvessel type indicator (MTI) representing oxygen metabolism and neovascularization, respectively;
results of TME mapping; and pie charts represent the percentages of TME compartments for the whole tumor volume.
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In Fig. 2, an illustrative case showing stable disease in
the first follow-up is demonstrated. This recurrent GB also
showed a high percentage of active tumor volume and a
relative low percentage of necrosis and hypoxia before
bevacizumab onset. The active tumor volume decreased
from 59.3 % by half to 28.6 % in the first 3 months after
bevacizumab onset but increased during the second 3 months
of therapy to 39.8 %. Similar to the patient with progression
(Fig. 1), the tumor volume with neovascularization was
initially high with 72.8 %, decreased following treatment
initiation only to 39.7 %, and increased again to 52.3 % in
the second follow-up. Another typical example for stable
disease in the first follow-up is shown in Suppl. Fig. 3 in
ESM.

In Fig. 3, the MRI examinations and TME mapping for a
patient with partial response of the recurrent GB to
bevacizumab treatment is depicted. This tumor showed a
distinctly lower percentage for both active tumor (33.3 %)
and neovascularization (49.2 %) before bevacizumab onset
compared to the patients presented above. This was
accompanied by a much larger necrotic and hypoxic tumor
volume of the recurrent GB. Furthermore, during both the

Conventional MRI

Oxygen Metabolism Neovascularization

first and second 3 months of antiangiogenic treatment, the
active tumor volume decreased substantially to 12.3 % and
6.7 %, respectively. Surprisingly, the neovascularized tumor
volume decreased only slightly (to 38.7 %) during the first
period but more strongly (to 16.1 %) during the second
3 months. The tumor volume is dominated by necrosis and
hypoxia during the whole observation period. Another
illustrative case with partial response under bevacizumab
treatment is shown in Suppl. Fig. 4 in ESM.

Comparisons of the bevacizumab-naive TME (i.e., before
bevacizumab onset) between the three subgroups revealed
that in GB with partial response, active tumor volume was
initially significantly lower (P =0.039 and 0.034), especially
due to a lower percentage of OxPhos (P=0.008 and 0.030).
Furthermore, percentage of neovascularization was signifi-
cantly lower (P=0.039 and 0.034), and percentage of
necrosis was significantly higher (P=0.001 and 0.004) as
compared to progression or stable disease, respectively. We
found no significant differences between the two patient
subgroups with progression and stable disease. In other
words, recurrent GB with a TME that was initially
dominated by neovascularization and active tumor (both >

Tumor Microenvironment (TME)
Whole Tumor

21,6 p

226

36,7

Hypoxia + NV: 13.5%

Hypoxia + NV: 11.1%

Hypoxia + NV:

12.5%

Fig. 2. Stable disease of recurrent GB following bevacizumab. Tumor microenvironment (TME) mapping a patient (ID 3)
suffering from a recurrent GB a before bevacizumab onset, b at 3-month follow-up, and ¢ at 6-month follow-up, respectively.
This patient showed partial stable disease under bevacizumab treatment in the first follow-up. From left to right: conventional
anatomic MRI (cMRI; gray box) including contrast-enhanced T1-weighted and FLAIR MRI; maps of mitochondrial oxygen
tension (mitoPO,) and microvessel type indicator (MTI) representing oxygen metabolism and neovascularization, respectively;
results of TME mapping; and pie charts representing the percentages of TME compartments for the whole tumor volume.
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Fig. 3. Partial response of recurrent GB following bevacizumab. Tumor microenvironment (TME) mapping a patient (ID 6)
suffering from a recurrent GB a before bevacizumab onset, b at 3-month follow-up, and ¢ at 6-month follow-up, respectively.
This patient showed partial response of the GB under bevacizumab treatment in the first follow-up. From left to right:
conventional anatomic MRI (cMRI; gray box) including contrast-enhanced T1-weighted and FLAIR MRI; maps of mitochondrial
oxygen tension (mitoPO,) and microvessel type indicator (MTI) representing oxygen metabolism and neovascularization,
respectively; results of TME mapping; and pie charts representing the percentages of TME compartments for the whole tumor

volume.

50 % of the tumor volume) showed a poor or no response to
a bevacizumab therapy.

Dynamic Changes in the TME and Survival
Analyses

The time courses of the RANO parameter as well as the
percentage of neovascularization and active tumor volume
for the three patient subgroups are shown in Fig. 4. All three
subgroups showed a significant decrease in both neovascu-
larization and active tumor volume between the pre-
bevacizumab MRI examination and the first follow-up, but
not between the first and second follow-ups. However, the
treatment effect on the TME is much stronger in the patient
subgroup with a partial response: the tumor volume with
neovascularization decreased relatively by 66.7 % from 49.6
to 16.5 % (P<0.001), and the active tumor volume
decreased relatively by 79.9 % from 38.7 to 7.8 % (P
<0.001) during the first 3 months. The treatment effects in
the two other subgroups, which showed initially larger

neovascularization and active tumor volume, were just half
as strong and increased again in the second follow-up. This
might be interpreted that the tumor burden in the poor and
non-responding subgroups was too high for a stronger
treatment effect in the first follow-up and consequently
remained too high to achieve a longer lasting positive effect
at the second follow-up. Therefore, the subgroup with a
partial response showed a significant longer SAP compared
to the other subgroups (progression, P =0.002; stable
disease, P=0.045) but showed no significant differences in
OS (Fig. 4).

Figure 5 gives an overview of the dynamic changes of the
individual TME compartments for the three subgroups. In
progressive GB, OxPhos decreased significant (P=0.021) in
between the pre-bevacizumab MRI and the first follow-up.
In patients with stable disease, however, the glycolytic
tumor volume decreased significantly (P=0.012) between
pre-bevacizumab and the first follow-up and increased
significantly (P=0.021) between first and second follow-
ups, respectively. In GB with partial response, glycolysis
decreased significantly (P=0.042) as well as OxPhos
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(P<0.001), while necrosis (P=0.009) and hypoxia without
neovascularization increased significantly (P=0.045) be-
tween pre-bevacizumab and the first follow-up. Furthermore,
which was very important for the patients with a partial
response, these changes in the TME persisted at the second
follow-up.

Discussion

GB is a highly vascularized tumor and, therefore, represents
an attractive target for antiangiogenic therapies. Unfortu-
nately, as observed on other cancers [39], the response to
antiangiogenic therapy is almost always transient, and many
tumors quickly develop escape mechanisms resulting in a
rapid tumor progression [40, 41]. Thus, in order to prevent
patients from adverse effects of an ineffective therapy, there
is a strong need to monitor the pathophysiological mecha-
nisms of antiangiogenic therapies better as well as to predict
treatment response more precisely as early as
possible—preferably before treatment onset.

In this study, we utilized TME mapping [24], a
physiological MRI approach for combined detection of
hypoxia and neovascularization, to monitor the bevacizumab
treatment in patients with recurrent GB. Pre-bevacizumab
TME mapping of recurrent GB revealed in all patients the
same fundamental spatial structure and arrangement of the
TME compartments which was similar to the known
structure of newly diagnosed untreated GB [24]: a central
necrosis was surrounded by a hypoxic TME compartment
with defective vasculature and (still) functional
neovasculature, respectively. This necrotic/hypoxic tumor
core, in turn, was surrounded by TME compartments of
active tumor relying predominantly on mitochondrial
OxPhos or glycolysis, respectively, for energy production.

Follow-up examinations after bevacizumab initiation,
however, demonstrated a dramatic rearrangement of the
TME compartments. In all three patient subgroups, active
tumor volume and neovascularization decreased, while
hypoxia and necrosis were increased at the first follow-up.
Both, the initial (bevacizumab-naive) TME structure and its
changes during the first 3 months, were found to be of
crucial importance for the treatment response and SAP. We
found no significant differences in the TME between
recurrent GB with progression or stable disease following
bevacizumab therapy. In patients with partial response to
bevacizumab, however, the TME was initially significantly
different: these GB were more necrotic and had a lower
percentage on active tumor and neovascularization before
bevacizumab onset. In other words, highly vascularized and
active GB showed a poor or no response to bevacizumab
therapy probably due to a larger neovascular reserve, which
requires a longer period of treatment for destruction of the
neovasculature. Thereby, tumor cells in highly vascularized
GB may have sufficient time to induce alternative angio-
genic growth factors (e.g., fibroblast growth factor 2) which
replace VEGF and, consequently, enable these tumors to

escape from treatment pressure using both the newly formed
vascular and the increased hypoxic niche. In GB with an
already defective neovasculature, however, bevacizumab
results in a rapid, near-complete collapse of the tumor
vasculature (and of the vascular niche), thereby increasing
necrosis and hypoxia. Tumor cells, however, may survive in
this remaining hypoxic niche and are the origin of recurrence
and progression. This observation may help to develop
strategies for response prediction of bevacizumab treatment
based on noninvasive in vivo mapping of the TME.

Our findings of distinct alterations in the TME in
response to bevacizumab treatment are in good agreement
with previous studies in animal models investigating the
tumor response to antiangiogenic therapy at the phenotypic,
physiological, and molecular levels. Keunen et al. [4] used
dynamic contrast-enhanced perfusion MRI in an intracranial
GB xenograft model and found a significant decrease of the
vascular supply because of a strong reduction of large- and
medium-sized blood vessels in the tumors in response to
bevacizumab. This was accompanied by an induction of
hypoxia-inducible factor lo, an activation of the
phosphatidyl-inositol-3-kinase pathway, and a 68 % increase
in infiltrating tumor cells in the brain parenchyma. The
authors concluded that vascular remodeling induced by anti-
VEGF treatment leads to a more hypoxic TME which favors
a metabolic change of tumor cells towards glycolysis and
promotes tumor invasiveness. Subsequent animal studies
using multivoxel 'H MR spectroscopy [42], ['*Ce]glucose
metabolic flux analysis [17], and targeted proteomics [43],
respectively, confirmed that an antiangiogenic treatment of
GB increases tumor hypoxia and results in a metabolic
adaptation towards glycolysis.

Here, we utilized a physiological MRI approach to
directly investigate tumor hypoxia and neovascularization
in humans and observed also an increase in hypoxia and
necrosis in response to bevacizumab in all patients. Tumor
glycolysis increased in GB patients who showed a tumor
progression. However, we were able to identify a subgroup
of patients who showed no re-increase of the glycolytic
tumor volume but a partial response to bevacizumab, which
might be helpful for response prediction and treatment
planning.

A few studies described a noninvasive approach based on
an advanced image analysis of multiparametric MRI data to
predict the GB response to antiangiogenic treatment. Najafi
et al. [44] described a method applying conventional MRI
signal decomposition and histogram analysis to extract
statistical signal features from contrast-enhanced tumor
regions to assess the microstructural tumor characteristics.
Changes in contrast-enhancement, necrosis (on CE Tlw
MRI), and edema (on FLAIR MRI) after treatment onset
were used to evaluate the response. They observed signif-
icantly different shapes of the histograms between re-
sponders and non-responders and a strong correlation
between the relative changes in the contrast-enhanced area
and the necrotic area, respectively. Ellingson et al. [10] used
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CE Tlw subtraction maps to qualitatively enhance visuali-
zation and improve the quantification of tumor volume after
bevacizumab treatment. They found that the CE Tlw
subtraction maps were significantly better at aiding predic-
tion of 6-month progression-free survival (PFS) and 12-
month OS compared with conventional tumor segmentation.
Nowosielski et al. [45] and Rahman, ef al. [46] investigated
changes in the tumor tissue diffusivity via histogram
analysis of apparent diffusion coefficient (ADC) maps in
the course of antiangiogenic treatment of recurrent GB. They
demonstrated that ADC histogram analysis within both
enhancing and non-enhancing tumor components can be
used to stratify for PFS and OS in patients with recurrent GB
under antiangiogenic therapy. However, none of these
studies assessed hypoxia which, as mentioned above, plays
a key role in the antiangiogenic treatment response and
failure. Furthermore, their predictions were based on
differences in MRI features between baseline and post-
treatment examinations. Here, we described a potential tool
of patient stratification before bevacizumab onset.

However, our study has several limitations. Biological
validation of the MR-based parameters for mitoPO,,
CMRO,, hypoxia, and neovascularization is required by
correlation with findings from immunohistochemistry, inva-
sive methods, or other imaging modalities (e.g., PET). The
patient numbers especially in the subgroups with progres-
sion and stable disease were very small (N=35). Further-
more, we did not include MRI examinations for both early
response assessment (after 1 week or month) and long-term
follow-up (after 1 year or more). Therefore, no strong
conclusions can be drawn based on the results presented in
this study. This study is the result of a retrospective analysis
using a newly developed physiologic MRI approach, and
further studies are required using this MRI technique to
investigate early and long-term changes in larger patient
populations.
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