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Abstract

Dynamic susceptibility contrast (DSC) perfusion MRI provide information about differences in macro- and microvascu-
lature when executed with gradient-echo (GE; sensitive to macrovasculature) and spin-echo (SE; sensitive to micro-
vasculature) contrast. This study investigated whether there are differences between macro- and microvascular transit
time heterogeneity (MVTH and uVTH) and tissue oxygen tension (PO2,,;) in newly-diagnosed and recurrent glioblast-
oma. Fifty-seven patients with glioblastoma (25 newly-diagnosed/32 recurrent) were examined with GE- and SE-DSC
perfusion sequences, and a quantitative blood-oxygen-level-dependent (qBOLD) approach. Maps of MVTH, utVTH and
coefficient of variation (MCOV and pCOV) were calculated from GE- and SE-DSC data, respectively, using an extended
flow-diffusion equation. PO2,,;, maps were calculated from qBOLD data. Newly-diagnosed and recurrent glioblastoma
showed significantly lower (P <0.001) pCQOV values compared to both normal brain and macrovasculature (MCOV) of
the lesions. Recurrent glioblastoma had significantly higher pfVTH (P =0.014) and pCOV (P =0.039) as well as signifi-
cantly lower PO2,,. values (P=0.008) compared to newly-diagnosed glioblastoma. The macrovasculature, however,
showed no significant differences. Our findings provide evidence of microvascular adaption in the disorganized tumor
vasculature for retaining the metabolic demands in stress response of therapeutically-uncontrolled glioblastomas. Thus,
WVTH and PO2,,,;; mapping gives insight into the tumor microenvironment (vascular and hypoxic niches) responsible for
therapy resistance.
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Jespersen and @stergaard’ extended the classic flow-
diffusion equation to theoretically describe the effects of
capillary flow patterns on brain oxygenation introdu-
cing capillary transit time heterogeneity (CTH) as an
index to account for the distribution of microvascular
flow patterns.” A review of the putative effects of ele-
vated CTH as a result of changes in capillary morph-
ology in tumors suggested that elevated CTH may
reduce tissue oxygen availability.® Recently, it became
possible to estimate vascular transit time heterogeneity
(VTH) in terms of the CTH index based on dynamic
susceptibility contrast (DSC) magnetic resonance ima-
ging (MRI) data using the extended model equation.”"'°
This approach has proved robust across realistic signal-
to-noise ratios” '' and demonstrated usefulness in
patients with glioma,'®!'>!3 acute stroke,” and bilateral
high-grade internal carotid artery stenosis.'*

These studies, however, used a gradient-echo (GE)
echo-planar imaging (EPI) DSC-MRI perfusion
sequence. The GE-EPI DSC-MRI technique is the
method of choice for routine clinical applications of
DSC because of its relatively high contrast-to-noise
ratio. It is well-known, however, that GE-EPI is equally
sensitive to a broad range of (macro)vessel diameters
(starting from 20 um),"” with reduced sensitivity to the
microvascular range.'® In contrast, despite its lower
overall sensitivity to contrast agent-induced signal vari-
ations, spin-echo EPI (SE-EPI) DSC-MRI exhibits a
peak sensitivity to the microvasculature at a vessel
diameter around 10um," including arterioles, capil-
laries, and venules. These differences in sensitivity to
the vascular properties were shown in simulations stu-
dies'!'” and verified in practice.'®

Hypoxia is of crucial importance in tumor biology
and therefore has the potential as a key imaging bio-
marker for illumination of pathophysiological mechan-
isms including therapy resistance and recurrence. Most
of the available techniques, however, are not well suited
for in vivo characterization of hypoxia in humans due
to their invasiveness (electrodes), limited availability
(PET), or low spatial resolution (NIR spectroscopy).
An MRI-based multiparametric quantitative blood
oxygenation level dependent (qBOLD) approach was
recently proposed to obtain quantitative oxygenation
information, namely oxygen extraction fraction and
metabolic rate of oxygen.'” MR-based assessment of
tissue oxygen tension, however, was not assessable in
humans so far.

The aim of this study was to introduce two MRI
methods for assessment of physiological parameters:
(i) mapping of transit time heterogeneity in the micro-
vasculature with SE-EPI DSC-MRI data (termed
“VTH mapping’) and (ii) mapping of the oxygen ten-
sion in tissue surrounding mitochondria (PO2,;).
These MRI techniques were used to investigate whether

there are differences between macro- and microvascular
transit time heterogeneity (MVTH and uVTH) and
oxygen tension in newly-diagnosed and recurrent
glioblastoma.

Materials and methods
Patients

The institutional review boards of the University of
Erlangen (263 15 Bc) and the University Clinic of St.
Polten (GS1-EK-4/339-2015) approved this retrospect-
ive study. All patients gave written informed consent in
accordance with the ethical standards of the Helsinki
Declaration of 1975 and its later amendments. Written
consent was obtained from all enrolled patients. Using
an institutional database, we retrospectively identified
patients with newly-diagnosed (untreated) or recurrent
glioblastoma (World Health Organization [WHO]
grade 1V) who were diagnosed between July 2015 and
September 2016. Inclusion criteria for our study were as
follows: (i) aged >18 years; (ii) MR scans using our
study MRI protocol available; (iii) pathologically con-
firmed glioblastoma based on the WHO histological
grading system. Additional criteria for patients with
recurrent glioblastoma only were as follows: (iv)
patients were previously treated according to standard
of care, which included maximal safe resection, radio-
therapy, and concomitant and adjuvant chemotherapy
with temozolomide;*° (v) patients who received bevaci-
zumab or alternative chemotherapy regimens as part of
their initial treatment regimen (i.e., before tumor recur-
rence) were excluded; and (vi) recurrence was deter-
mined by at least two board-certified radiologists in
consensus based on the updated Response Assessment
in Neuro-Oncology (RANO) criteria®' with clear radio-
logical features of recurrence.

MR image acquisition

MRI examinations were performed 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: (i)
axial fluid-attenuated inversion-recovery (FLAIR; TR/
TE/TI:  5000/460/1800ms; in-plane  resolution:
0.45 x 0.45 mm, slice thickness: 3 mm; 48 slices; 2 aver-
ages); (i) a single-shot diffusion-weighted echo-planar
imaging (DW-EPI) sequence (TR/TE: 5300/98 ms; in-
plane resolution: 1.2 x 1.2mm, slice thickness: 4 mm;
29 slices; 4 averages; parallel imaging using generalized
autocalibrating partially parallel acquisition
(GRAPPA) factor of 2, b-values of 0 and 1000s/
mm?®); and (ili) pre- and post-contrast enhanced
T1-weighted GE MRI sequences (TR/TE: 250/2.8 ms;
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in-plane resolution: 0.5 x 0.5 mm, slice thickness: 4 mm;
29 slices; 2 averages).

For qBOLD we performed (iv) a multi-echo GE-,
and (v) a multi-echo SE-sequence for R,*- (8 echoes;
TE, 5-40ms; acquisition time [TA], 1.5min) and R,-
mapping (8 echoes; TE, 13-104ms; TA, 3.5min),
respectively.

For the VTH mapping experiments, we used (vi) a
SE-EPI DSC perfusion sequence (TR, 1740 ms; TE,
33ms; TA, 2min) and a GE-EPI DSC perfusion
sequence (TR, 1740 ms; TE, 22 ms; TA, 2 min), respect-
ively, in combination with a dual contrast agent injec-
tions approach.?>** Both DSC perfusion examinations
were performed with 60 dynamic measurements and
administration of 0.1 mmol/kg-bodyweight gadote-
rate-meglumine (Dotarem, Guerbet, Aulnay-sous-
Bois, France) at a rate of 4 ml/s using a MR-compatible
injector (Medrad Spectris, Bayer, Leverkusen,
Germany). A 20-ml-bolus of saline was injected subse-
quently at the same rate. Geometric parameters were
chosen identical for the four qBOLD and CTH
sequences: in-plane resolution: 1.8 x 1.8 mm, slice
thickness: 4 mm; 29 slices; GRAPPA factor of 2.

MR image data processing

Post-processing of SE-EPI and GE-EPI DSC-MRI
data was performed using the Perfusion Graphical
User Interface (PGUI, http://www.cfin.au.dk/soft-
ware/pgui) developed in Matlab (Mathworks, Natick,
MA, USA), which implements DSC-MRI data analysis
for VTH estimation using the extended flow-diffusion
equation as described previously.” In short, the prob-
ability density function of vascular transit times h(t) is
modeled by a gamma variate distribution with param-
eters o and B, according to

h(tlee, B) = — dl —H@] _ _ dR@) _

dt dt

=1 =1/P

where R(f)=1—H(z) is the residue function and H() is
the distribution function of the standard microvascular
model.'"** The contrast agent mean transit time
(MTT) of a gamma variate is given by MTT =« - 8,
while VTH can be quantified by the standard deviation
of the gamma variate, VTH=8 - Va.?

Since we obtained two sets of parameters (for SE-
EPI and GE-EPI DSC-MRI data), we adopted their
nomenclature: (i) for GE-EPI DSC-MRI data which
were equally sensitive to a broad range of (macro)
vessel diameters we used MVTH and MMTT, and (ii)
for SE-EPI DSC-MRI data which had a peak sensitiv-
ity to the microvasculature (including arterioles, capil-
laries, and venules), we used uVITH and uMTT,
respectively.

In a next step, color-coded maps of MVTH, MMTT,
uVTH, and pMTT were calculated. Because of the
inherent properties of vascular networks®® VTH and
MTT as well as pVTH and uMTT values are linearly
correlated in normal brain tissue, but in glioma, prior
studies have shown that this relationship is disturbed
and calculated the coefficient of variation (MCOV and
pCOV) as the MVTH/MMTT and pVTH/uMTT ratio,
respectively.'*! Therefore, we additionally generated
MCOV and pCOV maps in order to visualize the dis-
turbed MVTH-MMTT and uVTH-uMTT correlations
within the tumors.

Post-processing of qBOLD data was performed
using custom-made Matlab software and consisted of
three steps: (i) Corrections for background fields of the
R,*-mapping data®’ and for stimulated echos of the R,-
mapping data.?® (i) Calculation of R,*- and R,-maps
from the multi-echo relaxometry data, and of absolute
cerebral blood volume (CBV) and flow (CBF) maps
from the GE-EPI DSC perfusion MRI data via auto-
matic identification of arterial input functions (AIFs)
from the signal of voxels containing a large artery.?-**
(iii) Calculation of maps for oxygen extraction fraction
(OEF), cerebral metabolic rate of oxygen (CMRO,),"
and the average mitochondrial oxygen tension
(PO2,,;) using the following equations

R - R
~ k-CBV

OEF

where k=4/3-nmy-Ax-Het-By (y=2.67502-10°rad/s/T
is the nuclear gyromagnetic ratio; Ax=0.264 x 10°¢
is the difference between the magnetic susceptibilities
of fully oxygenated and fully deoxygenated haemoglo-
bin; Hct=0.42.0.85 is the microvascular hematocrit
fraction)

CMRO, = OEF - CBF - C,

where C,=28.68 mmol/ml is the arterial blood oxygen
content™

1/h
P02n1it=P50<02H-_ 1) _%
where Ps is the hemoglobin half-saturation tension of
oxygen (27mmHg) and h is the Hill coefficient of
oxygen binding to hemoglobin (2.7), and L
(4.4 mmol/hg per minute) is the tissue oxygen conduct-
ivity as defined by Vafaee and Gjedde.**

Quantitative analysis

For quantitative analysis, the mean values for MVTH,
MMTT, MCOV, uVTH, uMTT, uCOV, and PO2,;
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within four regions of interest (ROI) were calculated.
These ROIs were manually defined for each patient
based on features seen in the FLAIR and the con-
trast-enhanced Tl-weighted images, respectively.
ROIs were located in: (i) tumor core (enhancing
tumor region on contrast enhanced (CE) T1-weighted
MRI) excluding necrotic parts thoroughly; (ii) peritu-
moral edema; (iii) ipsilateral and (iv) contralateral
normal appearing brain tissue (iNAB and cNAB) of
predominantly white matter.

Statistics

Software (SPSS 14, IBM, Chicago, IL, USA) was used
for statistical evaluation. Differences in parameters
between tumor and the other brain regions were deter-
mined using analysis of variance (ANOVA) and a
Dunnett-T3 test as post hoc procedure to be consistent
with (i) the unmet assumption of homogeneity of vari-
ance and (ii) as correction for multiple comparisons.
Homogeneity of variance was tested using the
Levene’s test. A Wilcoxon signed-rank test was used
for comparisons between MVTH, MMTT, and
MCOYV values from GE-EPI DSC data and pVTH,
UMTT, and pCOV values from SE-EPI DSC perfusion
data, i.e. between macro- and microvasculature. A
Mann—Whitney test was used for comparison of VTH
mapping parameters and oxygen tension values
between newly-diagnosed and recurrent glioblastoma.
Regression analyses with a linear model (two param-
eters) and a quadratic polynomial model (three param-
eters) were performed for correlations between MVTH
vs. MMTT and pVTH vs. uMMT. An F-test was used
to check for significance of differences in correlation
coefficients between the models. P-values less than
0.05 were considered to indicate significance.

Results

In total, 57 patients with newly-diagnosed (untreated)
or recurrent glioblastoma were included in this study
based on our criteria. Twenty-five patients (10 women,
15 men; mean age + standard deviation, 64.8 £11.9
years) suffered from a newly-diagnosed glioblastoma,
and 32 patients (16 women, 16 men; 63.3£9.7 years)
from a recurrent glioblastoma, respectively. All patients
with recurrent glioblastoma received the Stupp proto-
col.?’ Nine patients, however, received less than six
cycles temozolomide (3—5 cycles) due to side effects.
Representative cases for VTH mapping of the macro-
and microvasculature in patients with newly-diagnosed
and recurrent glioblastoma are depicted in Figure 1(a)
and (b), respectively. The findings for the 25 patients
with newly-diagnosed glioblastoma and the 32 patients
with recurrent glioblastoma are summarized in Table 1.

Differences in VTH mapping between glioblastoma
and normal brain

As expected and described previously, VTH mapping
parameters derived from GE-EPI DSC-MRI data (i.e.
for macrovasculature; MVTH, MMTT, and MCOYV) of
glioblastoma were increased compared to normal brain
(second column in Figure 1). However, only for recur-
rent glioblastoma were these differences to normal
brain significant (all P <0.05), except for MMTT,
which was not significantly different to iNAB. The dif-
ferences between newly-diagnosed glioblastoma and
normal brain for the VITH mapping parameters in the
macrovasculature did not reach significance (upper part
of Table 1).

On the other hand, pVTH and uMTT for the micro-
vasculature of both newly-diagnosed and recurrent
glioblastoma were significantly increased (for all
P <0.001) compared to normal brain. Nevertheless,
LCOV values, i.e. the uyWTH/UMTT ratios, were signifi-
cantly decreased (for all P <0.001) in both newly-diag-
nosed and recurrent glioblastoma compared to normal
brain (middle part of Table 1).

In other words, the relative vascular transit time het-
erogeneity was increased in the macrovasculature
(MCOV) but decreased in the microvasculature
(LCOV) of glioblastoma compared to normal brain
(third column in Figure 1).

Differences in VTH mapping between macro- and
microvasculature

In microvasculature, tVTH and pMTT were signifi-
cantly larger (P=0.011 to <0.001) compared to their
equivalents in macrovasculature (MVTH and MMTT)
for all ROIs in patients with both newly-diagnosed and
recurrent glioblastoma.

The value for pCOV in normal brain (iNAB and
cNAB) and edema were also significantly larger
(P=0.024 to 0.001) compared to macrovasculature
(MCOV). Within newly-diagnosed and recurrent glio-
blastoma, however, pnCOV was significantly lower
(both P <0.001) compared to MCOV. In other
words, in glioblastoma, the relative transit time hetero-
geneity in the microvasculature was significantly lower
than in the macrovasculature (compare second and
third column in Figure 1, or third and sixth row in
Table 1).

Differences between newly-diagnosed and
recurrent glioblastoma

Recurrent glioblastoma showed significantly increased
uVTH (P=0.014; Figure 2(a)) and pCOV values
(P=0.039; Figure 2(c)) compared to newly-diagnosed
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T newly-diagnosed glioblastoma

recurrent glioblastoma

PO2,: - [mmHg] .

Figure 1. VTH mapping of the macro- and microvasculature and PO2,,;; mapping in (a) a 46-year-old male patients suffering from a
newly-diagnosed glioblastoma and (b) a 63-year-old female patients suffering from a recurrent glioblastoma. First column, contrast-
enhanced Tl-weighted (CE T1w) MR images and FLAIR MR images. Second column, results for VTH mapping using GE-EPI DSC-MRI
data in order to obtain maps of macrovascular VTH (MVTH) and coefficient of variation (MCOV). Third column, results for VTH

mapping using SE-EPI DSC-MRI data in order to obtain maps of microvascular VTH (LVTH) and coefficient of variation (LCOV). Last
column, maps of absolute cerebral blood volume (CBV) obtained from GE-EPI DSC-MRI data and oxygen tension in tissue surrounding

mitochondria (PO2,,).

glioblastoma. For uMTT, we also found higher values
in recurrent glioblastoma which, however, did not
reach significance (P =0.162; Figure 2(b)). This was
associated with significantly decreased (P =0.008)
PO2,,; values in recurrent glioblastoma (Figure 2(d)).
For VTH mapping in the macrovasculature (MVTH,
MMTT, MCOV), we found no significant differences
between newly-diagnosed and recurrent glioblastoma.

Correlations between transit time heterogeneities
and MTTs

The correlations of MVTH vs. MMTT and pVTH vs.
uMTT for the subgroups of patients with newly-diag-
nosed and recurrent glioblastoma are depicted in the

first and second plots of Figure 3(a) and (b), respect-
ively. The MVTH vs. MMTT correlation demonstrated
a superposition for normal brain (iNAB and cNAB),
edema, and tumor (first column in Figure 3).
Interestingly, the pVTH vs. pMTT scatterplots
showed a separation between normal brain/edema
and tumor (second column in Figure 3). The third
plots in Figure 3(a) and (b)give an overview for the
differences in correlations between macro- and micro-
vasculature in newly-diagnosed and recurrent glioblast-
oma, respectively.

Regression analyses between MVTH vs. MMTT and
WVTH vs. uMTT generally revealed better correlations
for the more complex model (quadratic polynomial
with three parameters) compared to the more restricted
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Table 1. Overview of the quantitative evaluation of the VTH mapping parameters, PO2,,;. and perfusion values.

GB type Tumor Edema iNAB cNAB
MVTH Newly-diagn. 5.72+2.12 6.34+2.99 4.68+1.58 448+ 1.52
[s] Recurrent 6.13+1.78 5.89+1.89 464 1.71% 4.60 £ 1.65*
MMTT Newly-diagn. 471£1.70 5.12+2.36 3.97+1.27 382+ 1.15
[s] Recurrent 478+ 1.21 5.21+1.80 3.96 + 141 3.86 + 1.38*
MCOV Newly-diagn. 122+£0.16 1.23£0.11 1.16 £0.10 1.16 £0.12

Recurrent 129+0.14 1.17£0.10* 1.17£0.12* 1.19£0.11*
uVTH Newly-diagn. 12.25+£5.22 10.66 £5.14 6.78 £ 3.08%* 6.5 £2.56%*
[s] Recurrent 1623 +£6.51 10.36 £ 3.09%* 7.20 £2.59%* 6.61 £ .57+
uMTT Newly-diagn. 15.55+7.62 8.68 + 4.88+F 5.07 £2.45%* 5.12£2.29%
[s] Recurrent 18.65+8.57 8.20 £2.69%F 5.50 £2.42%* 5.03 £ 1.63*
uCcov Newly-diagn. 0.81+0.15 1.30 +0.20°* 1.36 £0.21%* 1.33 +£0.22°%*

Recurrent 0.90+0.14 1.40 4 0.26** 1.37 £0.33%* 1.36 +0.30°**
PO2, i Newly-diagn. 203+ 10.6 38.8+£7.9% 268+53 26.6 4.9
[mmHg] Recurrent 13.0£82 424 £7.5% 29.1 £8.7% 29.3 £9.3%
CBV Newly-diagn. 253486 2.5+£0.9% 4.5 +0.9% 4.4 +0.8%*
[%] Recurrent 226492 2.8+£0.9% 4.4 +0.8% 4.6 +£0.8%*
CBF Newly-diagn. 6394193 13.5 £ 6.6%* 26.1 +6.3%F 25.4 +5.5%*
[mI/100 g/min] Recurrent 682+ 16.9 18.8 £ 6.9%* 26.1 +5.9%* 26.0 + 5.7+

*Values are significant different to tumor with P <0.05. **Values are significant different to tumor with P <0.001. GB: glioblastoma; Newly-diagn.:
newly-diagnosed (untreated) glioblastoma; MVTH: macrovascular transit time heterogeneity; MMTT: macrovascular mean transit time; COV: macro-
vascular coefficient of variation (MVTH/MMTT) for; pVTH: microvascular transit time heterogeneity; {MTT: microvascular mean transit time in;
UCOV: microvascular coefficient of variation (LWWVTH/UMTT); PO2,,;: oxygen tension for tissue around mitochondria; CBV: cerebral blood volume:
CBF: cerebral blood flow; iNAB and cNAB: ipsilateral and contralateral normal appearing brain tissue of predominantly white matter. Perfusion
parameters (CBV and CBF) were calculated from GE- and SE-DSC perfusion MRI data.

model (linear with two parameters), which was math-
ematically coherent. In normal appearing brain tissue
(iNAB and cNAB), however, the differences in correl-
ation coefficients between the two models were very
minor (in the third digital place) and not statistically
significant using an F-test. Therefore, the assumption
of a linear correlation in NAB was justified. The linear
correlation coefficients in NAB were as follows: MVTH
vs. MMTT, R*>=0.918 (newly-diagnosed glioblastoma)
and R*=0.904 (recurrent glioblastoma); pVTH vs.
UMTT; R*=0.902 (newly-diagnosed) and R>*=0.686
(recurrent). The correlation coefficients in peritumoral
edema were very similar.

The microvasculature (WWTH vs. uMTT) of recur-
rent glioblastoma showed a significantly stronger cor-
relation (P =0.038) for quadratic polynomial
regression model (R*=0.922) compared to the linear
model (R*>=0.854). However, the differences in correl-
ations for the microvasculature of newly-diagnosed
glioblastoma and the macrovasculature (MVTH vs.
MMTT) of both glioblastoma subtypes were not sig-
nificant. The quadratic polynomial correlation coeffi-
cients were as follows: pVTH vs. uMTT in newly-
diagnosed glioblastoma, R*=0.848; MVTH vs.
MMTT, R>=0.890 (newly-diagnosed) and R*=0.875
(recurrent, see third plots in Figure 3(a) and (b))

Discussion

This study introduces a physiological MRI approach
including micro- and macrovascular VITH and PO2,,;
mapping. This enabled us to demonstrate that patho-
logic VTH alterations in glioblastoma are dominated
by microvasculature (vessel diameters around 10 pm)
and revealed three main findings regarding the patho-
physiology of glioblastoma: (i) the relative VTH was
decreased in microvasculature (WCOV) but increased
in macrovasculature (MCOV) compared to the other
brain regions (iNAB, ¢cNAB, and edema); (ii) recur-
rence of glioblastoma was associated with elevated
microvascular perfusion dispersion (WTH, pCOV)
and (iii) increased hypoxia (decreased PO2.;) com-
pared to newly-diagnosed glioblastoma.

Firstly, the finding of decreased pCOV values in
glioblastoma was remarkable and unexpected. With
pCOYV values <1.0 in both newly-diagnosed and recur-
rent glioblastoma and pCOV >1.3 in other brain
regions, the differences were distinct and significant.
MCOV values, however, were increased within the
lesions. To the best of our knowledge, the investigation
of VTH using the SE-DSC perfusion MRI technique,
which is more sensitive to the microvasculature, in
patients with glioblastoma has been not described
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Figure 2. Box-whisker plots (whiskers: minimum, maximum; box: 25th to 75th percentile; line: mean value) VTH mapping param-
eters and the PO2,,;. values of all patients with newly-diagnosed glioblastoma (N =25) and recurrent glioblastoma (N = 32). (a)
macrovascular and microvascular VTH (MVTH and pVTH) within newly-diagnosed (left part) and recurrent glioblastoma (right part).
UVTH was significant higher (P=0.014) in recurrent glioblastoma compared to newly-diagnosed glioblastoma. (b) macrovascular and
microvascular MTT (MMTT and uMTT) within newly-diagnosed (left part) and recurrent glioblastoma (right part). MMTT was
increased in recurrent glioblastoma but reached not statistical significance. (c) macrovascular and microvascular COV (MCOV and
HCOV) within newly-diagnosed (left part) and recurrent glioblastoma (right part). fCOV was significant higher (P=0.039) in recurrent
glioblastoma compared to newly-diagnosed glioblastoma. (d) oxygen tension in tissue surrounding mitochondria (PO2,,;,) within
newly-diagnosed (left part) and recurrent glioblastoma (right part). PO2,,;. was significant lower (P=0.008) in recurrent glioblastoma
compared to newly-diagnosed glioblastoma. Macrov: macrovasculature; microv: microvasculature.

so far. Our findings regarding increased uVTH and
uMTT, however, are in line with the theoretical consid-
erations of a review about the putative effects of
changes in capillary morphology in tumors.®
Although both pVTH and puMTT are markedly
increased compared to normal brain, the low pCOV
(i.e. uWWTH/uUMTT ratio) values indicate a decrease in
wVTH (standard deviation of transit time distribution)
relative to uMTT (mean value of transit time distribu-
tion). This may provide evidence for a mechanism of
adaption of microvasculature to retain the high meta-
bolic demands of the lesion within a disorganized and
inefficient vasculature. Our findings for the transit time

heterogeneity in the macrovasculature of glioblastoma
are in accordance with previous studies using the stand-
ard GE-DSC perfusion MRI technique which have
shown that the relationship between MMTT and
MVTH is altered, resulting in elevation of the MCOV
values.'>'? The differences in micro- and macrovascu-
lar VTH mapping were supported by our regression
analyses, which confirmed, on the one hand, the
common assumption'® of a linear correlation between
VTH and MTT in the normal micro- and macrovascu-
lar bed. On the other hand, we revealed significant dif-
ferences for the correlations between micro- and
macrovasculature in glioblastoma. This may be
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Figure 3. Scatterplots of VTHs versus MTTs for all patients with (a) newly-diagnosed glioblastoma (N =25) and (b) recurrent
glioblastoma (N = 32). First column, the scatterplots of macrovascular VTH versus MTT (MVTH vs. MMTT) for normal brain regions
(iNAB and cNAB; circles), peritumoral edema (diamonds), and tumor (crosses) show a strong linear correlation and superposition for
all four ROls. Second column, the scatterplots macrovascular VTH versus MTT (WVTH vs. uMTT) showed a separation between
normal brain (circles), edema (diamonds), and tumor (crosses). Last column, comparison of scatterplot between macro- and
microvasculature (MVTH vs. MMTT and pVTH vs. pMTT) in newly-diagnosed (a) and recurrent glioblastoma (b).

interpreted as a further evidence for decoupling of
uVTH and pMTT in glioblastomas.

Secondly, we revealed that recurrent glioblastoma
showed significantly increased perfusion dispersion in
the microvasculature (WTH, pCOV) compared to
newly-diagnosed glioblastoma. This is an indication
for stress response of the microvascular network in
failed-therapy glioblastoma in order to protect tumor
cells by an intact neurovascular unit,> which was
already suggested by the observations of previous stu-
dies.'**® A close association between endothelial cells
and neural stem cells was demonstrated in a seminal
work of Shen et al.*” 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 applied to glioblastoma
stem cells.*®? It can be thought of as protective micro-
environment in which glioblastoma stem cells are able
to freely proliferate and remain undifferentiated, com-
pletely unaffected by any external influences.’®*"

Moreover, a combined effect of high VTH and blood
flow was predicted to be associated with insufficient
oxygen extraction and hypoxia.” This was supported
with patient data demonstrating an increased expres-
sion of hypoxia markers in tissue regions with altered
capillary transit times.*°

Finally, our finding of significantly decreased PO2,,;,
in failed-therapy glioblastoma compared to both
normal brain tissue and newly-diagnosed glioblastoma
is in accordance with the well-known role of hypoxia in
therapy resistance of glioblastoma. Tumor progression
and resistance to both radiotherapy and chemotherapy
are associated with a hypoxic tumor microenvironment
known as hypoxic niche."*'*> 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 tumorigen-
icity.**** Our data support the assumption for an asso-
ciation between the vascular and the hypoxic niche.
Tumor-initiating stem cells thrive in hypoxic environ-
ments which are localized in peri-capillary niches where
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the aberrant capillary networks appear to offer optimal
conditions for tumor maintenance, as well as therapy
resistance.*™’

This study has several limitations. There is no clear
benefit for the routine clinical management of patients of
the demonstrated differences in vascular heterogeneity
and PO2,,; between newly-diagnosed and recurrent glio-
blastoma. However, our approach may be helpful for
therapy monitoring or to develop new therapeutic stra-
tegies for glioblastoma. Furthermore, biological valid-
ation of the MR-based parameters for vascular transit
time heterogeneity and tissue oxygen tension is required
by correlation with findings from immunohistochemistry
of biopsies, results from examinations using invasive
methods,***’ or data from other imaging modalities
(e.g. positron emission tomography).*® Thereby, the
link between the mathematical models of our approach
and biology could be understood in more detail. The
PO2,,;; values in newly-diagnosed and recurrent glio-
blastoma are quite high compared to data from studies
using invasive methods.*” A reason for this might be the
fact that PO2,;; in our study is a derived parameter
based on MR experiments with a lower spatial reso-
lution compared to invasive, more direct methods.*
The SE-DSC perfusion sequence has lower contrast to
noise compared to the GE-DSC approach. This is
related to the generally lower sensitivity to magnetic sus-
ceptibility of SE MRI sequences compared to the highly
susceptibility-sensitive GE sequences. However, this dif-
ferent sensitivity to magnetic susceptibility is the crucial
reason for their vessel-size-dependence. Additionally, the
injection of a double dose of contrast agent with two
separate injections is required. A combined GE-SE per-
fusion sequence with the Simultaneous-MultiSlice (SMS)
technique may help to overcome this limitation.>
Finally, our PO2,,;; mapping approach needs validation
with invasive methods in animal models.

In conclusion, uVTH and PO2,,;; mapping provides
potential imaging biomarkers for investigation of
physiological and metabolic alterations in glioblastoma
including the vascular and hypoxic niche, which are
responsible for tumor progression and therapy resist-
ance of glioblastoma. However, further studies includ-
ing patients with anaplastic and low-grade glioma,
pseudo-progression, and under anti-angiogenetic or
more advanced therapies are required.
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