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Supplementary Materials 

 

Supplementary Figure S1. Data processing and quantitative analysis. A) Pipeline for MRI 

data processing and calculation of MRI biomarker maps. The VAM data processing (red lines) 
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consisted of five steps: (i) Correction for remaining contrast agent extravasation was performed 

as described previously (1–3); (ii) fitting of the first bolus curves for each voxel of the GE- and 

SE-DSC perfusion MRI data with a previously described gamma-variate function (4), (iii) 

Calculation of the ∆R2,GE versus (∆R2,SE)3/2 diagram (5), the so-called vascular hysteresis loop 

(VHL) (3,6). These data were subsequently used for (iv) calculation of maps for microvascular 

architecture including microvessel density (MVD), the vessel size index (VSI, i.e. microvessel 

radius) (7) as well as for neovascularization activity represented by the microvessel type 

indicator (MTI) (3). For MVD and VSI, we used the following equations: 
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with Qmax = max[∆R2,GE]/max[(∆R2,GE)3/2]; ADC = apparent diffusion coefficient which was 

calculated from the DWI data;  R  ≈  .0 μ  is the mean vessel lumen radius and b is a numerical 

constant (b = 1.6781).(7) MTI was defined as the area of the VHL signed with the rotational 

direction of the VHL, i.e. a clockwise VHL-direction was identified with a plus-sign, and a 

counter-clockwise VHL-direction was identified with a minus-sign (3). In a final step (v) the map 

for the  icrovascular cere ral  lood volu e (μC  ) was calculated fro  the  E-DSC perfusion 

MRI data via a separate automatic identification of AIFs (8). In summary, this resulted in the 

MRI biomarker maps of microstructural density (ADC), perfusion (CBV and µCBV), 

microvascular architecture (MVD and VSI), and neovascularization activity (MTI), respectively. 

The qBOLD data processing (blue lines) consisted of four steps: (i) Corrections for background 

fields of the R2*-mapping data (9) and for stimulated echos of the R2-mapping data.(10) (ii) 

Calculation of R2*- and R2-maps from the multi-echo relaxometry data, and (iii) of absolute 

cerebral blood volume (CBV) and flow (CBF) maps from the GE-DSC perfusion MRI data via 

automatic identification of arterial input functions (AIFs) (8,11). In the final step (iv) MRI 

biomarker maps of oxygen metabolism including oxygen extraction fraction (OEF), cerebral 

metabolic rate of oxygen (CMRO2) (12), and the tissue oxygen tension (PO2) (13,14) were 

calculated  using the following equations:  
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with   ( .6750   08 rad/s/T) is the nuclear gyro agnetic ratio;      0. 6   0-6 is the difference 

between the magnetic susceptibilities of fully oxygenated and fully deoxygenated haemoglobin; 
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Hct = 0.42·0.85 is the microvascular hematocrit fraction, whereby the factor 0.85 stands for a 

correction factor of systemic Hct for small vessels; 

C R      E  C   Ca 

where Ca=8.68 mmol/ml is the arterial blood oxygen content (15); and 
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where P50 is the hemoglobin half-saturation tension of oxygen (27 mmHg), h is the Hill 

coefficient of oxygen binding to hemoglobin (2.7), and L (4.4 mmol/Hg per minute) is the tissue 

oxygen conductivity as defined by Vafaee and Gjedde (16).  

B) Retrospective quantitative analysis and determination of time courses. This procedure was 

performed in four steps: (i) Firstly, regions of interest (ROI) were manually defined within the 

contrast-enhancing part of the recurrent GBM on the CE T1-weighted MR images of the latest 

 R  e a ination in the patients’ follow-up series, i.e. on those MRI data with clear radiological 

features of GBM recurrence. Both local as well as distant recurrences of the GBM were 

considered and evaluated separately. Definition of ROIs was performed by two experienced 

observers in agreement. Necrotic or cystic areas were excluded. To avoid interference by major 

vessels or tumors regions extending the cortical surface, these areas were excluded from the 

ROIs (17). ROIs were circles with a diameter ranging between 10 to 20 mm depending on the 

size of the contrast enhancing area of recurrent tumor. (ii) In a second step, ROIs were 

retrospectively defined within the same anatomical position on the post-CE T1-weighted MR 

i ages of the earlier  R  e a ination in the patients’ follow-up series, i.e. on those MRI data 

without signs of GBM recurrence. (iii) Thereafter, the MRI biomarker maps for perfusion (CBV 

and µCBV), microvascular architecture (MVD and VSI), neovascularization activity (MTI), and 

oxygen metabolism (OEF, CMRO2, and PO2) as well as the ADC (a sensitive surrogate for 

microstructural density) map were coregistered to respective post-CE T1w MR images using the 

rigid registration algorithm of the VINCI software package (version 4.9, Max-Planck-Institute for 

Neurologic Research, Cologne, Germany) (18) and the T2 map as an anatomical reference. The 

ROIs were copied to the MRI biomarker maps and mean values were computed. (iv) Finally, the 

MRI biomarker values were plotted against the time difference between the date of the follow-up 

MRI and the date of radiological recurrence, resulting in the time courses (right-hand panel). 
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Supplementary Figure S2. Repeat craniotomy of a recurrent GBM of a 54-year-old male 

patient (same patient as in Figure 2). View through the eyepieces of the surgical microscope 

using white light (A) and 5-ALA-based fluorescence-guidance (B). The intraoperatively sampled 

tissue sample revealed a highly cellular glioblastoma with tumor cells with positive GFAP 

immunoreactivity (C), with prominent microvascular proliferation (HE stain; D), and a high Ki67 

labelling index of 30% (E). Note: The solid green line in panel A is the superimposed tumor 

segmentation and the dotted line represents the maximal tumor dimension as seen from this 

angle. 
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Supplementary Figure S3. Follow-up MRI examinations of a 52-year-old male patient who 

developed distant recurrence of a glioblastoma IDH1wt. Generally, the changes in perfusion 

(CBV and µCBV), microvascular architecture (MVD), neovascularization activity (MTI), and 

tissue oxygen tension (PO2) were minor between the first (A, 266 days before radiological 

recurrence) and second follow-up (B, 152 days before radiological recurrence) before 

radiological detection of distant recurrence (C; TBR = time before radiological recurrence).  
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Supplementary Figure S4. Series of box and whisker plots of quarterly pooled MRI biomarker 

of A) perfusion (CBV and µCBV) and microstructural density (ADC), B) microvascular 

architecture (MVD and VSI) and neovascularization activity (MTI), and C) oxygen metabolism 

(OEF, CMRO2, and PO2) for local (cyan) and distant recurrence (red) of GBM, respectively. 

Asterisks (*) mark significant differences between two successive quarters, and crosses (†) 

mark significant differences between local and distant recurrence within the same quarter (P < 

0.05).  
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Supplementary Table S1. Sequence parameters of the MRI study protocol. 

Abbreviations: FLAIR, fluid-attenuated inversion-recovery; MPRAGE, magnetization-prepared rapid acquisition with gradient echo 

sequence for contrast-enhanced T1-weoghted MRI; DWI, diffusion-weighted imaging; GE-DSC, gradient echo dynamic susceptibility 

contrast perfusion MRI; SE-DSC, spin echo dynamic susceptibility contrast perfusion MRI; GRAPPA, parallel imaging using generalized 

autocalibrating partially parallel acquisition. *Flip angle means the angle of excitation. Refocusing angles were 180° for all sequences 

with a SE scheme, i.e. FLAIR, DWI, SE-DSC, and T2 mapping. 

 Conventional MRI (cMRI) sequences Experimental MRI sequences 

 FLAIR MPRAGE DWI GE-DSC SE-DSC T2 mapping T2* mapping 

In-plane resolution 0.45 × 0.45 1.0 × 1.0 1.2 × 1.2 1.8 × 1.8 1.8 × 1.8 1.8 × 1.8 1.8 × 1.8 

Slice thickness [mm] 3.0 1.0 4.0 4.0 4.0 4.0 4.0 

Number of slices 48 176 29 29 29 29 29 

TR [ms] 5000 2100 5300 1740 1740 3260 1210 

TE [ms] 460 2.3 98 22 33 13 – 104 ms 5 – 40 ms 

Flip angle* [°] 120 12 90 90 90 90 90 

GRAPPA 2 2 2 2 2 2 2 

other TI = 1800 ms  
b = 0 and 

1000 s/mm2 

60 dynamic  

volumes 

60 dynamic 

volumes 
8 echoes 8 echoes 


