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Abstract

Background. The survival times of patients with glioblastoma differ widely and biomarkers that would enable indi-
vidualized treatment are needed. The objective of this study was to measure changes in the vascular physiology of tumor 
using T1-dynamic contrast enhanced magnetic resonance imaging (DCE-MRI) in patients with glioblastoma during 
early stages of radio- and chemotherapy (Tx) and explore possible correlations with treatment outcomes.
Material and methods. An exploratory prospective study was planned. Patients underwent DCE-MRI at baseline, 
after approximately one and six weeks of Tx and three and six months post-Tx. DCE-MRI at three Tesla generated maps 
of blood flow (BF), blood volume (BV), permeability (Ki) and volume of distribution (Vd) using a combination of 
model-free deconvolution and Patlak plots. Regions of interest in contrast enhancing tumor and in normal appearing 
white matter were contoured. Progression-free survival (PFS) was the primary clinical outcome. Patients with PFS  6 
months were compared with those with PFS  6 months. Parameters of vascular physiology and changes in these during 
Tx were compared for these two groups at all time points using non-parametric statistics.

Glioblastoma is the most common type of primary 
brain cancer and among the most devastating of  
all cancers. The standard treatment consists of sur-
gery followed by combined chemo-radiotherapy [1]. 
However, this treatment regimen is lengthy ( 8 
months) and many patients deteriorate due to dis-
ease progression before completing it. Individual 
treatment options would be preferable but biomark-
ers for selecting the best treatment on an individual 
basis are needed.

Imaging biomarkers may include metabolic 
information such as tumor uptake of radiolabeled 

molecules using positron emission tomography 
(PET) or parameters of vascular physiology, such as 
tumor blood volume (BV) using computer tomogra-
phy (CT) or magnetic resonance imaging (MRI). 
The most commonly used method for evaluating 
brain tumor vascular physiology is the dynamic  
susceptibility T2*-weighted (DSC) MRI method. It 
has proven useful for predicting glioma grade before 
surgery [2] and is FDA-approved and widely com-
mercially available. Disadvantages include suscepti-
bility to artifacts and the need for pre-bolus injection 
of contrast agent to correct for leakage [3]. Most 
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Results. Eleven eligible patients were included and 46 DCE-MRI examinations were carried out. BF in tumor
increased for all patients early during Tx (p ¼ 0.005) and then fell to a level below baseline at post-Tx examinations
(p¼ 0.016). A similar but non-significant trend was seen for tumor BV. There was no detectable difference between
patients with PFS46 months versus PFS56 months with regards to baseline values or changes during and after Tx.
Conclusions. Although no correlations to outcomes were found, the results of this exploratory study may be
hypothesis generating and will be examined in a larger patient group.
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previous studies evaluating brain tumor vascular 
physiology have focused on tumor BV [4,5]. We have 
previously described a method of generating cere-
bral blood flow (CBF) and cerebral blood volume 
(CBV) maps and permeability maps (CBKi) by 
dynamic contrast enhanced (DCE)-MRI at 3.0 T 
using a single bolus injection of paramagnetic con-
trast agent [6,7]. Leaky blood-brain barrier (BBB) 
is recognized as an important hallmark of malig-
nancy in glioma but only a few studies have attempted 
to analyze BBB Ki in gliomas undergoing treatment 
in relation to outcomes [8,9].

An exploratory prospective study of patients 
receiving standard concomitant chemo-radiotherapy 
for glioblastoma was carried out. Patients were sub-
jected to DCE-MRI scans at baseline, after approxi-
mately one and six weeks of radiotherapy (RT) and 
three and six months post-RT (MRI1-MRI5). The 
aim was to describe possible changes in tumor vas-
cular physiology [BF, BV, Ki and blood volume of 
distribution (Vd)] using this technique and to explore 
possible correlations to clinical outcomes.

Material and methods

Patients with glioblastoma WHO grade IV referred 
to concomitant chemo-radiotherapy [1] were eligi-
ble to be included. The study was approved by the 
local Ethics Board (case number: H-D-2008-002, 
date of acceptance: 11 January 2012) and carried 
out in accordance with the Helsinki Declaration. 
Written informed consent was required. The study 
was observational and results achieved with DCE-
MRI were not known to the treating physicians at 
the time of treatment. Patients went off-study at 
either disease progression, completion of the last 
DCE-MRI scan or withdrawal of consent. The time 
of progression was determined using the patient 
charts and decisions made in clinical practice in 
each individual case. These were based on the Mac-
donald criteria.

Patients

Inclusion criteria were: histologically confirmed 
glioblastoma, age 18–70, performance status 0–2, 
signed informed consent. Measurable residual 
tumor on post-operative MRI was mandatory, but 
as the study was exploratory there was no prespec-
ified lower limit to tumor volume. Exclusion criteria 
were: contraindications to MRI or contrast injec-
tion, such as pacemaker, non-compatible metallic 
implants, reduced kidney function (defined as glom-
erular filtration rate  60 ml/min), previous allergic 
reaction to MRI contrast agent, pregnancy and 
claustrophobia.

Radiotherapy

Target definition for RT was based on MRI and  
18F-fluoro-ethyl tyrosine PET (18F-FET PET). 18F-
FET PET has been used in the standard treatment 
setting at our department since 2011. The gross 
tumor volume (GTV) consisted of a tumor volume 
defined by MRI (GTV MRI) and a tumor volume 
defined by 18F-FET PET. The GTV MRI was defined 
by a radiologist using the contrast enhanced MRI 
sequence of a planning scan performed at RT plan-
ning (Siemens Magnetom Espree 1.5 T). Surgical 
cavities were contoured as part of the GTV MRI.

The total target volume consisted of the united 
volume of GTV MRI and GTV PET. A 20-mm mar-
gin was added to this volume to form the clinical 
target volume (CTV), to which 2 mm was added to 
form the planning target volume (PTV). A total dose 
of 60 Gray (Gy) was delivered in daily 2-Gy fractions 
over six weeks to the PTV. RT was delivered using 
volumetric modulated arc therapy (VMAT) on a 
Novalis Tx accelerator (Varian/BrainLab). Oral temo-
zolomide was administered at 75 mg/m2/day during 
RT and for six cycles (5 days/28 days) at 200 mg/m2/
day following RT [1].

DCE-MRI

DCE-MRI was performed on a 3.0 T MRI unit 
(Achieva; Philips Healthcare). Scans were acquired 
at baseline (0–7 days before start of RT [MRI1]), 
following 10 Gy of RT (MRI2), following 50 Gy of 
RT (MRI3), three months post-RT (MRI4) and six 
months post-RT (MRI5).

DCE imaging used a saturation-recovery gradi-
ent–echo sequence with 120 ms delay (TD) between 
prepulse and the first readout pulse. A 90° non-se-
lective saturation prepulse covering the head and 
thorax was applied before each sequence. Readout 
pulses had a flip angle of 30°, TR  3.9 ms, TE  1.9 
ms, centric phase ordering, parallel imaging factor 
2, acquired matrix 96  61 interpolated to 256  256, 
field-of-view 230  182 mm2. Five slices with a 
thickness of 8 mm were generated. The most caudal 
slice was placed at the level of the internal carotid 
artery for determination of the arterial input func-
tion (AIF). The remaining four slices (interslice 
gap  1.5 mm) were placed at the level of the tumor 
[6]. In case of tumors that were too large to be cov-
ered by four slices, the procedure was repeated in a 
second run immediately following the first. A sepa-
rate T1 measurement was acquired before the first 
run and also before the second run, if two runs were 
performed [10].

The bolus of contrast (Dotarem 0.1 ml/kg body) 
was injected using an automatic injector and was fol-
lowed by 20 ml saline. The bolus tracking had a time 
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MATLAB R2012a (MathWorks, Inc.) was used for 
these calculations.

In addition to the DCE sequence acquisition 
described above, the following sequences were also 
generated: T1W-3D, T2W, fluid attenuation inver-
sion recovery (FLAIR), diffusion tensor imaging 
(DTI), blood oxygen level BOLD (in resting state) 
and arterial spin labeling (ASL).

Regions of interest and registration of images

Regions of interest (ROIs) were contoured on MRI 
that was registered to a planning CT scan. Two three-
dimensional 3D ROIs were defined for measure-
ments of vascular physiology: 1) tumor volume 
defined by contrast enhancing tumor on a T1  Gd 
sequence used for RT planning. This volume was 
modified to exclude resection cavities; 2) normal 
appearing white matter (NAWM) drawn manually in 
healthy appearing white matter in the contralateral 
hemisphere within the section of brain encompassed 
by the DCE slices. The ROIs remained unchanged 
throughout the study.

For each of the five MRI examinations (MRI1-
MRI5), the CT scan with the ROIs was rigidly reg-
istered to the anatomical T1W-3D sequence 
(isotropic, 1mm3) and each T1 sequence was subse-
quently registered to the axial T2W slices. Registra-
tions were performed with the Functional Magnetic 
Resonance Imaging of the Brain Analysis (FMRIB) 
Software Library using either mutual information or 
normalized mutual information [13]. Each registra-
tion step was visually verified and accepted if the 
overlap of contour to tumor was deemed greater that 
90%. The two registrations were combined and used 
to transform the CT-based ROIs to the DCE-slices.

Normalization to normal appearing white  
matter (NAWM)

All parameters of tumor vascular physiology [BF, BV, 
Ki and blood Vd] were normalized to corresponding 
values within NAWM for each run.

Statistics

Baseline vascular physiology values in ROIs were cal-
culated as mean values for NAWM and median val-
ues for tumor ROIs. The patients were dichotomized 
according to their progression-free survival (PFS) 
(longer or shorter than six months from the date  
of diagnosis). Statistical comparison between these 
groups was carried out using the Mann-Whitney test 
whereas paired data were compared using the  
Wilcoxon test. A univariate Cox regression analysis 
was carried out to test the prognostic value of changes 

resolution of 1.25 s for 250 time points in approxi-
mately 6 min.

The T1 measurement was generated before bolus 
injection by varying TD from 0.12–10.0 s, creating 
T1 and M0 maps corresponding to the dynamic 
images obtained during the bolus passage. The AIF 
was generated by placing the most caudal slice at the 
level of the vertical segment of the internal carotid 
artery. The larger of the two internal carotid arteries 
was contoured and the pixel within this area with the 
largest signal change at bolus passage was used for 
subsequent calculations. To minimize the partial  
volume effect due to the small diameter of the vessel, 
the AIF was scaled to the venous output function 
derived from the sagittal sinus [11]. BF was estimated 
by model-free deconvolution (Tikhonovs method) as 
previously described by Larsson et al. [6]. The general 
mathematical expression for this calculation is:

Ct(t)  f ca(t)⨂ r(t)

where Ct(t)  tissue concentration at time (t), Ca(t) 
  arterial concentration at time (t) (AIF), f  flow  
and r(t)  impulse residue response function.

The BV and Ki was estimated by a graphical eval-
uation (‘Patlak plot’) of the following equation using 
assumptions of unidirectional flux of a low-permeat-
ing substance in a two-compartment system [12]:

C a
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It is apparent that Ki is the slope of the fitted  
line, whereas BV is the intersection at t  0. An exam-
ple is provided in Figure 1. In-house software for  
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Figure 1. Example of a Patlak plot derived from an area within 
the tumor ROI of a patient. The regional permeability (Ki) in this 
area is estimated as the slope of the curve during steady-state, 
whereas the blood volume is derived from the intercept of the 
Y-axis as described in the section DCE-MRI.
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in vascular physiology values compared to baseline. 
p-Values  0.05 were considered significant. All sta-
tistical analyses were carried out using SPSS 19 
(IBM Corp.).

Results

Eleven patients were included and they underwent a 
total of 46 scans. All patients completed RT and 
received daily temozolomide during the concomitant 
stage of treatment as prescribed. The number of 
patients scanned at each time point were: MRI1 
n  11; MRI2 n  10; MRI3 n  11; MRI4 n  10; 
MRI5 n  4. At the time of MRI5, (six months after 
RT), six patients had experienced progressive disease 
and one patient had withdrawn consent. The median 
PFS was 7.8 months. We identified one case of pseu-
do-progression [14], where the contrast enhancing 
lesion grew significantly at the first post-RT evalua-
tion (MRI4), but subsequently stabilized. Two patients 
currently remain free from disease progression  3 
years from time of diagnosis.

Figure 1 is an example of a Patlak plot, from 
which the tumor BV and Ki are quantified. This 
example was derived from an area within the tumor 
ROI in the patient with the highest measured tumor 
Ki (median Ki in tumor  3.6 ml/100g/min). Similar 
plots were generated in other cases, verifying the lin-
earity of the model. We have previously shown by use 
of simulation that for this set-up, the assumptions 
related to the Patlak model are satisfied for Ki up to 
around 3 ml/100g/min. If higher Ki is encountered, 
the use of two-compartment models is often recom-
mended [7].

Figure 2 shows an example of the definition of 
ROIs (tumor and NAWM). As this study was explor-
atory, there was no prespecified lower limit to the 

tumor volume for eligibility to be included, but mea-
surable disease as defined by the Macdonald criteria 
was mandatory.The median volume of tumor ROI 
and of NAWM was 34.3 cm3 (range 11.3–89.7 cm3) 
and 16.7 cm3 (range 1.7–28.6 cm3), respectively. To 
examine the possibility of partial volume effects, the 
correlation between tumor volume and parameters 
of vascular physiology was evaluated using Spear-
man’s rank correlation coefficient, rs. No statistically 
significant correlations could be identified (rs was 
0.23, 0.40, 0.51, 0.37 for BF, BV, Ki and Vd, 
respectively, using absolute, non-normalized values), 
but the smallest tumor volume in the study (measur-
ing 11.3 cm3) was found to also have the lowest  
values of vascular physiology parameters. NAWM 
ROI’s were generally smaller but no correlations 
were found here either (rs was 0.30, 0.36, 0.56, 
0.44 for BF, BV, Ki and Vd, respectively).

At baseline, all vascular physiology values (BF, 
BV, Ki and blood Vd) were higher in tumor than 
in NAWM in all cases except one (where blood 
flowNAWMblood flowtumor). Please refer to Table I, 
which shows absolute values of vascular physiology 
at baseline. Measurements of vascular physiology 
in NAWM at baseline were compared with all  
subsequent examinations. Generally, these para
meters did not change significantly within the 
NAWM. However, a significant difference was 
found between NAWM Ki at MRI1 and MRI4 
(mean: 0.2  1 vs. 0.1  0.1; p  0.02). This was 
not significant at MRI5.

Figure 3 shows changes in tumor BF, BV and Ki 
(normalized to NAWM) over time for all patients 
and divided into patients with PFS  6 months 
(n  6) versus patients with PFS  6 months (n  5). 
There was a significant increase in tumor BF at MRI2 
compared to MRI1 which applied to all patients. 

Figure 2. Example showing delineation of regions of interest on T1w-contrast enhanced MRI. Yellow mask on rightmost image: normal 
appearing white matter. Red mask: tumor. Note that the central tumor cavity was not included in the ROI.
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Tumor BF decreased again at MRI3 and MRI4.  
At MRI4, values of tumor BF and tumor BV were 
significantly lower than at baseline for the whole 
group, but there was no significant difference between 
patients with PFS  6 months versus PFS  6 months. 
Comparing the absolute, non-normalized, values 
(not shown) of tumor BF and tumor BV showed a 
similar statistically significant decrease from MRI1 to 
MRI4, however, the absolute increase from MRI1 to 
MRI2 did not prove statistically significant.

Using univariate regression analysis, the hazard 
ratios for progression and death for changes from 
scan 1 to 2 and from scan 2 to 3 were analyzed. No 
statistically significant correlations with outcomes 
were seen.

Figure 4 shows perfusion parameter maps at  
four time points for a patient with a short PFS of 
approximately four months. At the fourth time point, 
the patient deteriorated clinically and underwent  

re-operation. The pathology report confirmed the 
diagnosis of tumor progression.

Discussion

In this exploratory prospective study of glioblastoma 
patients receiving standard radio-chemotherapy, we 
found that tumor BF determined by DCE-MRI was 
significantly increased one week into RT compared 
with baseline. This has not to our knowledge been 
described previously in the literature, but Cao et al. 
have described a similar increase in tumor BV during 
early stages of RT [4] as well as an increased Ki [9]. 
In studies of human tumor xenografts, an early stress 
response to ionizing radiation has been demonstrated 
within 24 hours of exposure consisting of a dose-
dependent increase in vascular endothelial growth 
factor (VEGF) expression [15]. VEGF promotes for-
mation of new blood vessels [16] and blockade of the 

Table I. Baseline values of parameters of vascular physiology for NAWM and tumor (mean  standard 
deviation).

NAWM 
(n  11)

Tumor 
(  11)

p-Value 
(Tumor vs. 
NAWM)

Blood flow ml/(100g/min) 11.6  3.4 18.9  7.7 0.006
Blood volume ml/100g 1.0  0.4 4.2  3.2 0.003
Permeability (Ki) ml/(100g/min) 0.2  0.1 1.2  0.9 0.003
Volume of distribution ml/100g 1.7  0.8 7.5  5.2 0.003

NAWM, normal appearing white matter.
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Figure 3. Values of vascular physiology parameters normalized to normal appearing white matter (NAWM) at all time points. (A–C) all 
patients (D–F) stratified by length of progression-free survival (shorter vs. longer than 6 months). Thin line denotes the median.  
Boxes include 25–75% of values. Whiskers include all data points. NMRI 1  11, NMRI 2  10, NMRI 3  11, NMRI 4  10, NMRI 5  4.  
*Significant change from MRI 1 (p-value  0.05); ** Significant change from MRI 1 (p-value  0.005).
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VEGF pathway has early and measurable effects 
(∼24 hours) on vascular physiology parameters (BV 
and Ki) [17]. It is therefore also possible that the 
early increase in BF was due to a transient rise in 
VEGF that later fell due to treatment response. How-
ever, this is a theoretical hypothesis and not – to our 
knowledge – supported by clinical evidence. Cao 
et al. proposed that corticosteroid treatment during 
RT could influence BF but we do not find this likely 
to be important in our study, as there was no system-
atic change in treatment or dosage of steroids. Due 
to the lack of an untreated control group in our 
study, we cannot rule out that early increases in BF 
and BV are a physiological phenomenon related to 
the regrowth of tumor in the weeks following surgery, 
rather than an effect of RT.

The early increase in tumor BF was analyzed in 
relation to outcomes but we could detect no differ-

ences between patients with PFS  6 months versus 
PFS  6 months. At MRI3 and MRI4, tumor BF was 
markedly decreased but still no correlations to out-
comes were seen, which was also evident from the 
parameter maps shown for a patient in Figure 4. 
Taken together, it would appear that tumor BF is 
alterable by chemo-radiotherapy but not an impor-
tant marker of tumor malignancy. Similarly, a leaky 
BBB is effectively sealed by the anti-VEGF antibody 
bevacizumab, but treatment with this drug has not 
been shown to increase overall survival for glioblas-
toma patients [18,19].

The significance of tumor BV during treatment 
has been assessed previously using DSC-MRI. Cao, 
Galban and co-workers at the University of Michi-
gan found that changes in the mean values of BV 
for the whole tumor did not contain predictive infor-
mation regarding treatment response [5,20]. This 

Figure 4. Vascular physiology parameter maps for a patient with a short progression-free survival of approximately 4 months at time points 
MRI1 to MRI4. The patient had disease progression at the last time point, but only the permeability (Ki) map reflects this whereas both 
tumor blood flow and tumor blood volume are lower than at baseline. Disease progression was confirmed histologically following re-
resection. The color keys on the right show corresponding absolute values of blood flow [ml/(100g/min)], blood volume (ml/100g) and Ki 
[ml/(100g/min)].
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group used an elegant but elaborate technique where 
voxel-by-voxel comparisons allowed for the genera-
tion of so-called parametric response maps (PRMs) 
that evaluated regional changes. It was shown that 
the percentage of voxels within the tumor with large 
changes in BV (both increases and decreases of 
more than 20%) correlated to outcomes. Other 
groups have successfully employed similar func-
tional maps in the context of diffusion-weighted 
MRI [21]. In this study, we did not attempt to carry 
out voxel-to-voxel analysis for a number of reasons. 
Firstly, it requires a highly precise image registration 
that we believe may be difficult to achieve for all 
patients. Additionally, change in tumor morphology 
within the contoured contrast enhancing area fur-
ther complicates a reliable voxel-to-voxel relation-
ship, even when using a deformable registration 
approach. Furthermore, we believe that the subtrac-
tion of tumor/surgical cavities that we carried out in 
some respects minimizes the influence of ‘dead’ per-
fusion space on the median values used. Finally, the 
method we used generated voxels with a size of 
3.1  2.5  8 mm3. Differences in responses depen-
dent on the microenvironments may even exist 
within a voxel, which then itself only represents a 
weighted average of values.

Limitations of the study

We chose to measure parameters of vascular physiol-
ogy within a static ROI defined at the baseline scan. 
This has the practical advantage of not requiring 
contouring of tumor for every examination. How-
ever, with this method there is a risk of the tumor 
moving out of the ROI due to either increased  
or decreased edema during RT, treatment response, 
or tumor growth with central cavitation. The tumor 
mask (ROI for measurement) was therefore visually 
inspected for each scan and found to be generally 
acceptable although in some cases, minor mismatches 
were visible. Another limitation of our method was 
the small vertical field-of-view (36.5 mm). As cover-
ing the whole tumor was prioritized in this study, in 
most cases (10/11) it was necessary to perform two 
bolus trackings (‘runs’). For this reason, we chose to 
normalize the data to NAWM. It may be adequate 
to carry out only one run with the slice placed cen-
trally in the tumor as this may be physiologically 
representative, but this needs to be validated.

As mentioned above, DCE-MRI created voxels 
measuring 3.1  2.5  8 mm3. This spatial resolution 
is far lower than that of standard structural (non-
dynamic) MRI sequences and, thus, the method is 
susceptible to so-called partial volume effects (i.e. the 
signal from smaller volumes of interest is underesti-
mated due to ‘dilution’ of signal from surrounding 

healthy tissue). This is a common limitation in meta-
bolic imaging which also applies to PET [22] and 
single-photon emission computed tomography 
(SPECT) technologies. In this small study, we found 
no correlations between tumor size and vascular 
physiology parameters, but an underestimation in the 
case of the smallest tumor cannot be ruled out.

We unexpectedly found a significant decrease  
in the Ki of NAWM at MRI4. It is unknown whether 
this was a random occurrence or an effect of having 
completed RT (which is known to induce a mild  
but temporary edema of the brain for some 
patients).

We have previously shown that the signal-to-noise 
ratio in a 1.5 T MRI scanner is too low to generate 
vascular physiology maps using DCE-MRI [6] which 
is a disadvantage of this technique.

Finally, the small number of patients as well as 
poor survival times makes it impossible to draw sta-
tistically sound conclusions regarding the prognostic 
value of measures of vascular physiology. Although 
we could not detect any differences in these param-
eters between patients with longer versus shorter 
PFS, this study cannot rule out that such a difference 
actually exists. A larger cohort of patients would be 
needed to draw such a conclusion. PFS-6 correlates 
reasonably well to overall survival [23], and was 
therefore chosen as the main clinical endpoint in this 
study. But four of the six patients with PFS longer 
than six months had experienced disease progression 
within 12 months of diagnosis and thus the biologi-
cal differences between the groups we have compared 
may have been discrete, which also stresses the need 
for a larger study group.

In conclusion, using DCE-MRI at early intervals 
during radio-chemotherapy for glioblastoma, we 
have shown novel changes in tumor BF and we have 
described a distinct time-curve for parameters of 
vascular physiology. This included tumor Ki, which 
has not been assessed previously under these cir-
cumstances. We found no correlations to outcome 
but this should be investigated in a larger cohort of 
patients.
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