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CLINICAL STUDY

Do perfusion and diffusion MRI predict glioblastoma relapse sites

following chemoradiation?
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Abstract To assess the value of T2* dynamic-susceptibil-
ity contrast MRI (DSC-MRI) and diffusion-weighted imag-
ing (DWI) to predict the glioblastoma relapse sites after
chemoradiation. From a cohort of 44 patients, primarily
treated with radiotherapy (60 Gy) and concomitant temo-
zolomide for glioblastoma, who were included in the ref-
erence arm of a prospective clinical trial (NCT01507506),
15 patients relapsed and their imaging data were analyzed.
All patients underwent anatomical MRI, DSC-MRI and
DWI before radiotherapy and every 2 months thereafter
until relapse. Voxels within the sites of relapse were cor-
related with their perfusion and/or diffusion abnormality
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(PDA) pretreatment status after rigid co-registration. The
relative cerebral blood volume (rCBV) and apparent diffu-
sion coefficient (ADC) were used as biomarkers. Several
PDA areas were thresholded: hyperperfused voxels using
a 1.75 fixed rCBV threshold (HP,); hypoperfused (hP,)
and hyperperfused (HP,) voxels using a histogram-based
Gaussian method; diffusion-restricted voxels (DR,); and
HP, voxels with diffusion restriction (HP,&DR,). Two
sets of voxels (2,459,483 and 2,073,880) were analyzed
according to these thresholding methods. Positive predic-
tive values (PPV) of PDA voxels were low (between 9.5
and 31.9%). The best PPV was obtained with HP,&DR,

Department of Radiation Oncology, Centre Paul Strauss,
EA 3430, University of Strasbourg, 3 rue de la Porte de
I’Hopital, 67065 Strasbourg, France

Department of Radiation Oncology, Centre Georges-Frangois
Leclerc, 1 rue Professeur Marion, 21079 Dijon, France

10" Université Toulouse III Paul Sabatier, UMR 1214,
31059 Toulouse, France

Department of Radiation Oncology, Centre Léon Bérard,
28 Rue Laénnec, 69373 Lyon, France

Department of Radiation Oncology, Institut du Cancer
de Montpellier, 208 avenue des Apothicaires, parc
Euromédecine, 34298 Montpellier cedex 5, France

13 Christie Medical Physics and Engineering, The Christie NHS
Foundation Trust, Manchester M20 4BX, UK

Université Toulouse III Paul Sabatier, 31000 Toulouse,
France

15 INSERM U1037, Centre de Recherches contre le Cancer
de Toulouse, 1 avenue Iréne-Joliot Curie, 31100 Toulouse,
France

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s11060-016-2232-8&domain=pdf&date_stamp=2016-8-8

182

J Neurooncol (2016) 130:181-192

voxels within the FLAIR hyperintensity, as 18.3 % of vox-
els without initial PDA were within relapse sites, versus
31.9% with initial PDA (p<0.0001). This prospective
study suggests that DSC and/or DWI-MRI do not predict
the glioblastoma relapse sites. However, further investiga-
tions with new methodological approaches are needed to
better understand the role of these modalities in the predic-
tion of glioblastoma relapse sites.

Keywords Perfusion weighted magnetic resonance
imaging - Diffusion weighted magnetic resonance
imaging - Glioblastoma - Sites of relapse -
Voxel-based quantification

Introduction

Glioblastoma multiforme (GBM) is the most common pri-
mary brain tumor in adults. Despite major advances in the
management of GBM over the past decade, the outcome of
patients still remains poor [1]. Most relapses occur within
2 c¢m of the contrast enhancement, and almost exclusively
in the edema area [2—4]. Efforts are therefore needed to
improve the GBM local control after chemoradiation.

GBM is an infiltrating and heterogeneous brain tumor
characterized by high cellular proliferation, high cellu-
lar density and active angiogenesis associated with areas
of necrosis. Therefore, one promising strategy to improve
local control consists of heterogeneously irradiating the tar-
get volume, with focal increases in dose targeted at radio-
resistant clusters defined by metabolic imaging [5]. This
dose-painting approach should target metabolic abnormali-
ties that are not only prognostic indicators of aggressive-
ness, but also predictive of local relapse after treatment.

Several data are available with 'H magnetic resonance
spectroscopic imaging, using either the choline/N-acetyl-
aspartate (NAA) ratio (reflecting high membrane turnover),
or the lactate/NAA ratio (as a surrogate of hypoxia), as
predictive markers of relapse sites [6—9]. As a further step,
several prospective studies are currently being conducted to
assess the benefit of a dose escalation specifically on spec-
tral abnormalities, while the whole classical treatment vol-
ume is receiving the standard dose of treatment.

The two other functional MR imaging techniques commonly
used for gliomas are perfusion MRI (mainly T2*-weighted
dynamic-susceptibility contrast MRI (DSC-MRI) or dynamic
contrast-enhanced MRI (DCE-MRI)) and diffusion MRI (dif-
fusion-weighted imaging (DWTI)). The relative Cerebral Blood
Volume (rCBV) which is derived from DSC-MRI is a surrogate
for tumor perfusion. The apparent diffusion coefficient (ADC)
is derived from DWI and indirectly reflects cell density through
the evaluation of the apparent diffusivity of water molecules.
Many data are available on the prognostic value of rCBV and
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ADC in GBM [10-13], and these techniques could be comple-
mentary [14, 15]. However, very few data are available on their
predictive value for the sites of relapse after treatment [16].

The objective of this study was thus to prospectively
assess the value of pre-radiotherapy rCBV and ADC (alone
or combined) as biomarkers of the sites of GBM relapse
after standard treatment, to better understand how we should
integrate DSC-MRI and DWI within the treatment planning
step to guide potential focal increases in dose within the
standard treatment volume.

Materials and methods
Patients

Fourty-four patients with pathologically proven GBM, who
were enrolled in the reference arm of a phase-III random-
ized multicentre prospective clinical trial (NCT01507506),
were primarily treated with radiotherapy (60 Gy) and con-
comitant temozolomide [1]. Main inclusion criteria were:
age >18 years-old, WHO performance status <2, and unifo-
cal GBM with either resectable or unresectable disease, but
largest tumor diameter <5 cm. Among them, 15 patients who
were included from March 2011 to December 2013, and who
were found to have relapsed at the cut-off date of February
2015, were analyzed in this ancillary study. Their median age
was 63.5 years (range: 35-83). MGMT promoter was meth-
ylated in five patients, and unmethylated in ten patients. All
patients received radiotherapy after surgical resection (gross
total resection/near gross total resection (GTR) for eight
patients and subtotal resection (STR) for seven patients).
All patients provided written informed consent. The proto-
col was approved by the national French ethics committee
(Comité de Protection des Personnes, approval number:
2009-A00594-53). Insurance was underwritten for each
patient in accordance with French biomedical legislation.

Chemoradiotherapy

Radiotherapy was delivered once a day, five times a week,
over a 6-week period, in fractions of 2 Gy to give a total
dose of 60 Gy, using either intensity modulated radiother-
apy or 3D conformal radiotherapy. The Gross Tumor Vol-
ume (GTV) was defined as the contrast-enhanced lesion on
T1-weighted MRI or the surgical cavity with residual con-
trast-enhancement. The Clinical Target Volume (CTV) was
built with a 17-mm isotropic margin around the GTV and
was required to encompass all the FLAIR abnormalities [1].
Finally, the Planning Target Volume (PTV) was built with a
3-mm isotropic margin expansion around the CTV. The con-
comitant and adjuvant chemotherapy with temozolomide
was delivered according to the standard of care [1].
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*MR scan used as a reference to delineate the site of relapse (baseline imaging or nadir examination in
case of tumor shrinkage within the follow-up)

SPatient on corticosteroid at the time of the MR scan

MR data acquisition

All scans from each of the centres included in the trial were
performed on a Siemens 1.5-T MRI scanner (Siemens, Erlan-
gen, Germany) with a standard 12-channel head coil. Parallel
imaging acquisition method was used for each patient, based
on the GRAPPA (Generalized autocalibrating partially paral-
lel acquisition) reconstruction algorithm, with an acceleration
factor of 2. The anatomical MRI protocol included: acquisi-
tion of 3 mm-thick axial images [turbo spin-echo T2-weighted
imaging (TR/TE=4200/97 ms), fluid-attenuated inversion
recovery imaging (FLAIR: TR/TI/TE=6500/2400/121 ms)]
with a field of view (FOV) of 172 X230 mm? and a matrix size
0f256x 192, resulting in a voxel size 0£ 0.9x0.9x 3 mm?; and
acquisition of 1 mm-thick 3D T1-weighted images (T1) before
and after injection of a standard dose of 15 ml of gadolinium-
based contrast agent (Gadobenate dimeglumine, MultiHance™)
(T1-Gd: TR/TE=11/5.2 ms, FOV=256%224 mm? matrix
size =256 %224, resulting in a voxel size of 1 X 1 x 1 mm?).

For DSC-MRI, a series of 34 volumes of 39 slices were
acquiredat 1.09-second intervals, with a gradient-echo echo-pla-
nar imaging sequence (TR/TE=4720/47 ms, FOV=230x230
mm?, matrix size= 128 x 128, flip angle=90°), during the first
pass of a standard dose (0.1 mmol/kg) bolus of gadolinium.
Gadolinum was injected intravenously using a power injector
at a rate of 5 mL/s, immediately followed by a saline injection.

DWI was performed with a single-shot, spin-echo, echo-pla-
nar imaging sequence in the axial plane (TR/TE=8300/91 ms
at b=0 and b=1000 s/mm?, 25-40 sections, 2-mm section
thickness, FOV=230x230 mm?, matrix size=192x192).
DWI was acquired in three orthogonal directions.

Anatomical and perfusion/diffusion MR imaging was per-
formed one week before RT, 3 months after the end of radio-
therapy, and every following 2 months until relapse (Table 1).
The pre-RT images were used as the baseline assessment. All
the cases enrolled in this study were discussed at the local neuro-
oncological Multi-Disciplinary Team meeting of each centre, to
validate or not the progression. Progression was defined accord-
ing to the Response Assessment in Neuro-Oncology Working
Group (RANO) criteria [17] and every relapse was centrally
reviewed by an experienced neuroradiologist (I.C.). During
follow-up, if there was uncertainty regarding progression or
pseudo-progression, a subsequent evaluation was performed 4
weeks later. If subsequent evaluations suggested that the patient
was experiencing progression, then the date of progression was
defined as the time point at which this issue was first raised.

Image registration

All image data were rigidly co-registered to the pre-treat-
ment 3D T1-Gd images using mutual information as a
similarity measure and Nelder—-Mead simplex method as an
optimization regime [18]. Every automatic co-registration
was visually verified and validated using a combination of
methods, including split-screen, scrolling slice by slice in
different planes, as well as comparing contour overlays.

Data processing
The Figs. 1 and 2 illustrate the data processing and spatial

analysis steps for two representative cases: one STR patient
(Fig. 1) and one GTR patient (Fig. 2).
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Fig. 1 Example of data post-processing to obtain true positive hyper-
perfused voxels with the Gaussian method (HP,) within the target vol-
ume for a representative case of sub-total resection. Pre-radiotherapy
T1-weighted images with gadolinium (a) and FLAIR images (b) were
delineated to obtain the hyperFLAIR volume (cyan) (c) and the target
volume (purple) (d). A relative cerebral blood volume (rCBV) map
was obtained with Olea® software (e), and rCBV values (>0.2) were
thresholded within the target volume (f). The Gaussian thresholding
method (g) consisted of a bi-Gaussian fitting of the rCBV histogram.
Hypoperfusion and hyperperfusion thresholds corresponded to the
mean of the lower Gaussian curve (0.93 for this patient) and the mean
of the upper Gaussian curve (1.92), respectively. By applying these
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thresholds within the target volume, we could then identify: hypoper-
fused voxels (hP,, dark gray) and hyperperfused voxels (HP,, red)
(h). The site of relapse (light green) (1) was defined as the contrast
enhancement plus necrotic regions at relapse (dark green) (k), exclud-
ing contrast-enhancement plus necrotic regions at nadir examination
(blue) (i, j) (case of tumor shrinkage after chemoradiation). Finally,
the true positive voxels (yellow) were the site of relapse voxels within
initial HP, (m, n, 0). In the case of HP, within hyperFLAIR, the true
positive voxels were the site of relapse voxels within initial HP, and
hyperFLAIR volume. All images were co-registered with pre-radio-
therapy T1-Gd MRI
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Fig. 2 Similar example of data post-processing to obtain true posi-
tive hypoperfused voxels with the Gaussian method (hP,) within the
target volume for a representative case of gross-total resection. The
target volume (TV) was obtained after delineation of the surgical cav-
ity with a 17-mm isotropic margin and with inclusion of all the FLAIR
abnormalities: this TV is displayed in purple on the pre-radiotherapy
T1-weighted images with gadolinium (a). The relative cerebral blood
volume (rCBV) map was thresholded within the target volume (b). The
Gaussian thresholding method (¢) consisted of a bi-Gaussian fitting of
the rCBV histogram. Hypoperfusion and hyperperfusion thresholds

Delineation of anatomical regions of interest

For each patient, several anatomical regions of interest
(ROIs) were manually delineated by one radiation oncolo-
gist (J.K.) with validation by a neuroradiologist (I.C.):
contrast enhancement (CE) delineated on pre-RT T1-Gd,
after subtraction of the surgical cavity, areas of hemorrhage
defined on T1 WI pre-Gd and necrotic regions; hyperin-
tensity on pre-RT FLAIR images (hyperFLAIR) excluding
the surgical cavity, CE and necrotic regions; target volume
(TV), defined as a 17-mm isotropic margin around the
GTV with inclusion of all the FLAIR abnormalities; and
site of relapse (SR), defined as CE plus necrotic regions
at relapse, excluding CE plus necrotic regions or resection
cavity before radiotherapy, or at nadir examination in the
case of previous tumor shrinkage. The whole brain (WB)
was also subjected to automatic segmentation and manual
corrections.

Registration, data processing and volume analysis were
performed with Sisyphe, an in-house neuro-imaging soft-
ware toolbox [19].

corresponded to the mean of the lower Gaussian curve (0.98 for this
patient) and the mean of the upper Gaussian curve (2.07), respectively.
By applying these thresholds within the target volume, we could then
identify: hypoperfused voxels (hP,, dark blue) and hyperperfused vox-
els (HP,, red) (d). The site of relapse (light green) (f) was defined as
any new contrast enhancement plus necrotic regions at relapse as com-
pared to the nadir examination (after collapse of the surgical cavity)
(e). Finally, the true positive voxels (yellow) were the site of relapse
voxels within initial hP, (f, g, h)

rCBV and ADC maps

CBYV maps were generated from DSC-MRI, as described
previously [12], using dedicated FDA approved software
(Olea Sphere®, V2.3, Olea Medical, La Ciotat, France), with
an oscillation-index block-circulant singular value decom-
position (0SVD) routine and correction for T1-weighted
leakage effects. The CBV values of each patient were then
normalized to the normal contralateral white-matter regions
(as large as possible) in order to obtain relative CBV maps.

Using DWI data, ADC maps were also calculated on a
voxel-by-voxel basis with the software incorporated into the
MRI unit.

rCBV and ADC maps thresholding methods

Given that most relapses occur within the target volume (TV),
all thresholding methods were applied within this volume.
We studied two rCBV map thresholding methods. The
first was a fixed threshold method (t) based on a commonly
used high rCBV threshold of 1.75 [11]. This threshold
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was applied within the TV to extract the high rCBV vox-
els (hyperperfused voxels with fixed threshold: HP,). The
second was a Gaussian method (g) which utilized the nor-
malized histogram plots of the total distribution of rCBV
values within the TV. Since rCBV histograms were glob-
ally bimodal or skewed, a double Gaussian mixed model
was used to provide optimal fitting. For each patient, we
then defined the mean of the lower Gaussian curve and the
mean of the upper one as hypoperfusion and hyperperfu-
sion thresholds, respectively. Applying these thresholds, we
then obtained: hyperperfused voxels with Gaussian method
(HP,), mid rCBV voxels, and hypoperfused voxels (hP,)
[20, 21]. This method was applied after excluding voxels
with an rCBV <0.2, which might represent the surgical cav-
ity or necrosis [12].

For the ADC map thresholding, owing to the absence of a
commonly used fixed threshold, we only applied the Gauss-
ian method to define: high ADC voxels, mid ADC voxels
and low ADC voxels (diffusion-restricted voxels: DR,).

We then defined several areas with perfusion and/or dif-
fusion abnormalities (PDAs): HP,, hP,, HP,, and DR,. The
value of HP, and DR, for predicting sites of relapse was
assessed on a total of 2,459,483 voxels. The value of th
and HPg was assessed on a total of 2,073,880 voxels.

Spatial analyses

Spatial analyses were performed using native resolution of
the pre-RT T1-Gd MRI.

First, for each patient we analyzed the spatial distribution
of PDA voxels within anatomical ROIs (CE, hyper-FLAIR,
and TV) before radiotherapy.

Furthermore, we calculated the positive and negative
predictive values (PPV/NPV) of PDAs within anatomical
ROIs (hyperFLAIR or TV) as markers of subsequent sites
of relapse after chemoradiation. Owing to the definition
of the site of relapse (excluding pre-radiotherapy contrast
enhancement), the CE ROI could not be analyzed to extract
predictive values.

For the analysis, each voxel for each patient was classi-
fied as follows:

e true positive voxel (TPV): site of relapse (SR) voxel
within ROI with initial PDA;

e false positive voxel (FPV): whole-brain (WB) voxel
outside SR and within ROI with initial PDA;

e false negative voxel (FNV): SR voxel within ROI with
no initial PDA;

e true negative voxel (TNV): WB voxel outside SR and
within ROI with no initial PDA.

We then summed the TPVs, FPVs, FNVs and TNVs of all
the patients to obtain the total numbers (X) of TPVs, FPVs,
FNVs and TNVs within our population.
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For each PDA, we therefore defined PPV and NPV for
the pooled voxels as follows:

e PPV=XTPVs/(Z TPVs+ZX FPVs)
e NPV=XTNVs/(Z TNVs+ZX FNVs).

The same method was applied for each patient to calculate
PPV and NPV in a patient-by-patient basis.

Statistical analysis

PDA volumes were described in terms of median, range and
standard deviation, and the spatial distribution of PDAs in
terms of median and range.

The comparison of voxels characteristics was performed
using the Chi square test. A Bonferroni correction was per-
formed for multiple comparisons.

For all statistical tests, the significance level was set at
5%. Statistical analyses were performed using STATA 13.0
software (StataCorp LP, College Station, TX).

Results
Description of pre-radiotherapy PDAs volumes
Perfusion

Applying the 1.75 rCBYV fixed threshold method, the median
volume of HP, was 19260 mm? (8505-52638 mm?).
Applying the Gaussian method, the median hypoperfu-
sion threshold was 0.99 +0.26 and the median hyperperfu-
sion threshold was 1.92+0.32. The median volume of hP,
was 21,093 mm® (785-56830 mm?®), whereas the median
volume of HP, was 22,934 mm’ (5963-69,819 mm”).

Diffusion

Applying the Gaussian method, the median low ADC thresh-
old was (808.5+105.5)x 10~® mm?/s, and the median high
ADC thresholdwas (1097 +234.9) x 10" mm?/s. The median
volume of DR, was 24,615 mm® (13,257-48,728 mm”).

Perfusion and diffusion

As HP, was found to have the best PPV for site of relapse
(cfResults), we decided to focus on the intersection between
HP, voxels and DR, voxels (HPg&DR%) (Fig. 3). The median
volume of HP,&DR, was 2397.5 mm” (769-20118 mm?).
Spatial distribution of initial PDAs

The spatial distribution of PDAs within anatomical ROIs is
summed up in Fig. 4.
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Fig. 3 Example of post-data processing to obtain HP ,&DR, voxels.
The Gaussian method was used to obtain hyperperfused voxels HP, in
red (a) and restricted-diffusion voxels DR, in blue (b). The intersection
between HP, voxels and DR, voxels allowed us to obtain HP ,&DR,
voxels in purple on the pre-RT T1-weighted images with gadolinium

30%
25%
20%
15%
10%

5%

sy TR
HPg&DRg

0%

hPg HPg

2 CE % HyperFLAIR v

Fig. 4 Percentage of ROI volumes (CE, hyperFLAIR, TV) containing
initial perfusion and/or diffusion abnormalities. The anatomical ROI
volumes contained approximately 10—30 % of initial PDAs, except for
HP,&DR, voxels, which represented <5 % of ROI volumes. PDA per-
fusion/diffusion abnormalities, HP, hyperperfused voxels with fixed
threshold method, /P, hypoperfused voxels with Gaussian method,
HP, hyperperfused voxels with Gaussian method, HP,&DR, hyper-
perfused & diffusion-restricted voxels with Gaussian method, CE con-
trast enhancement, 7V target volume

Predictive values for sites of relapse

The predictive values for sites of relapse according to the
pooled-voxels quantification for the whole population, and
by surgical status subgroup, are summarized in Table 2.

(c). The MR scan at the time of relapse (d) was used to delineate the
site of relapse in green as defined in our protocol (e). The true positive
voxels in yellow (g) were the site of relapse voxels (e) within initial
HP,&DR, voxels (f)

The best results were found using HP, voxels: the PPV
and NPV for sites of relapse within hyperFLAIR were 22.8
and 82.7 %, respectively (Fig. 5).

We therefore decided to study the value of HP, voxels
with diffusion restriction (HP,&DR, voxels). In this case,
18.3% of hyperFLAIR voxels without initial PDAs were
within sites of relapse versus 31.9% with initial PDAs
(p<0.0001) (Fig. 6).

The predictive values were also presented in a patient-
by-patient basis in Table 3.

Discussion

Our results suggest that with the MRI protocols and image
post-processing methods used in this study, neither DSC-
MRI nor DWI is able to predict the sites of GBM relapse
after chemoradiotherapy, even when these modalities are
combined. The best results were obtained with HP,&DR,
voxels within the hyperFLAIR volume (PPV of 31.9%).
In other words, voxels with initial PDAs that were within
hyperFLAIR or within the whole TV had a roughly 50%
or a less than 50 % probability of predicting the location of
relapse, whatever the method of quantification (pooled-vox-
els or patient-by-patient analysis).
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Table 2 Positive and negative predictive values for sites of relapse
of perfusion/diffusion abnormalities voxels within hyperFLAIR and
target volume ROIs, with a pooled-voxels quantification (for the whole
cohort and according to the extent of resection, in italics)

PDA voxels PPV (%) NPV (%)
HyperFLAIR TV~ HyperFLAIR TV

HP,

Whole cohort  21.6 9.5 824 88.3

GTR subgroup 15.4 4.9 84.6 90.9

STR subgroup  24.8 14.2 815 86.3
hP,

Whole cohort  13.8 10.9 80.5 87.1

GTR subgroup  19.9 10.5 86 90.9

STR subgroup  11.3 114 781 84.7
HP,

Whole cohort  22.8 129 827 87.7

GTR subgroup 14.3 88 844 90.4

STR subgroup  26.8 151 8§82 85.6
DR,

Whole cohort  16.9 10.8 81.6 87.8

GTR subgroup  25.1 86 836 90.6

STR subgroup  13.9 124 80.9 86
HP,&DR,

Whole cohort  31.9 18.5 81.7 88

GTR subgroup  48.1 15.1 833 90.3

STR subgroup  25.4 19.9 81.1 86.6

PDA perfusion/diffusion abnormalities, PPV positive predictive
value, NPV negative predictive value, TV target volume, HP, hyper-
perfused voxels with fixed threshold method, 2P, hypoperfused vox-
els with Gaussian method, /P, hyperperfused voxels with Gaussian
method, HP,&DR, hyperperfused & diffusion restricted voxels with
Gaussian method, GTR gross total resection subgroup, STR subtotal
resection subgroup

Our study seems robust in terms of both material and
method. Indeed, a major strength of this study is its pro-
spective design, with the same MR acquisition parameters,
the same treatment modalities and follow-up for every
patient from each centre. Each patient received the current
standard of care with chemoradiation [1], allowing us to
easily extrapolate our results. The gold-standard to define
relapse is a tissue based analysis; however, it only provides
a small sample of a region of interest, rather than a precise
cartography of the status of each voxel. Instead, relapse was
defined according to the well-established RANO criteria.
Admittedly, contrast enhancement is not the full histopatho-
logical extent of recurrent tumor. However, this approach
could be explained by the difficulty to differentiate between
non-tumoral vasogenic-edema versus tumor-infiltrative area
within the non-enhancing FLAIR hyperintensity lesion in
T2-weighted sequences. Only a few studies have attempted
to classify the non-enhancing lesion area in order to iden-
tify infiltrative tumor area, using conventional imaging or
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advanced imaging methods, but with uncertain efficacy
[32-35]. None of these methods has been clearly validated,
and therefore T2-weighted images do not seem to localize
an area of recurrence with precision, contrary to an increase
of or an apparition of contrast enhancement. The inclu-
sion of the hypersignal FLAIR in the site of relapse would
have then introduced a high degree of uncertainty in our
approach.

The use of post-surgical images as baseline prevented
from huge local changes after surgery, although postsurgi-
cal changes (resolution of edema, tumor shrinkage...) can-
not be ignored. However, these post-surgical changes have
been taken into account in some extent for the definition of
the site of relapse, as illustrated in Figs. 1 and 2. Indeed, the
site of relapse was defined optimally by using the nadir of
the lesion for each patient, in order to take into account any
tumor shrinkage or cavity collapse during the follow-up.

We decided to enroll both STR and GTR patients to
increase the statistical power because we hypothesized
that the predictive value of PDAs within hyperFLAIR (the
first ROI) to predict recurrence was not affected by the
extent of resection, as any residual enhancing tumor has
been excluded from hyperFLAIR. Regarding the TV ROI
(including the residual contrast enhancing region), our
results showed that the predictive values in the STR group
were slightly and inconstantly better than in the GTR group,
and still low, suggesting that the extent of surgical resection
is not a real caveat in our analysis even after consideration
of the residual contrast enhancing region. However, we
admit that our small series of patients is also heterogeneous
in terms of age and MGMT methylation status, which pre-
cludes any subgroup analysis to assess the value of perfu-
sion or diffusion MRI to predict the sites of relapse.

Lastly, despite the relatively small sample size of patients
of our pilot study, the pooled-voxels quantification approach
with large sets of voxels ensured a robust statistical power.
Although we should bear in mind that some degree of spa-
tial correlation exists in imaging data between neighbour-
ing voxels, an alternative approach using “resels” (a block
of voxels regarded as independent elements [22]) instead
of voxels would not have really impacted our results, as
the predictive values were a ratio between two amounts of
voxels.

Regarding technical considerations, one possible limi-
tation is the rigid-body co-registration that was employed.
However, since we did not use a parametric response map
[23-26] but instead a voxel-based quantification of an over-
lap, a misregistration of a few millimetres would have led to
uncertainties at the edge of the overlap only, but not in the
core of the overlap. Moreover, even voxel-wise parametric
response map studies only assessed rigid-body coregistra-
tions, demonstrating the continuing need for caution in the
integration of non-linear co-registrations [23-26].
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Two major technical strengths of our method also
deserve to be highlighted. First, our post-processing method
using oSVD deconvolution was delay-insensitive [27] and
allowed for a more robust and accurate estimation of CBV

[28]. Moreover, it used leakage correction using K2 maps
in order to maximize CBV accuracy in neovascular lesions
[29-31]. The second strength concerned the use of more
than one thresholding method in order to avoid a threshold-
ing bias. The first method was based on a commonly used
rCBYV fixed hyperperfusion threshold of 1.75 [11]. We did
not find such a robust ADC threshold in previous studies.
The second method using a Gaussian approach allowed us
to isolate hypoperfusion/hyperperfusion and restricted dif-
fusion voxels without any pre-defined thresholds [20].

Many studies have already established the value of
rCBV or ADC to predict the histopathological grade of
tumors [11, 32, 33] or the overall and progression-free sur-
vival rates at diagnosis [11, 34-36], and as early surrogate
markers for treatment response: either in a global approach
[12, 37, 38], or more recently in a voxel-wise approach to
define a parametric response map [23, 24, 26, 39]. By con-
trast, to our knowledge, this study is the first study with a
pooled voxels quantification to have assessed the predictive
value of pre-radiotherapy DSC-MRI and/or DWI to locate
sites of relapse after chemoradiation for GBM. The value
of pre-RT ADC for predicting the location of relapse has
been assessed in a single recent study, which reported that
restricted diffusion overlapped with the recurrence in 28/32
patients (88 %), with a mean hypointensity overlap ratio of
60% [16]. However, this retrospective study contained sev-
eral limitations. The overlap ratio was only calculated with
a patient-by-patient approach, and and not with a pooled-
voxels analysis, so the volume of recurrence should have
been weighted. The delineation of ADC hypointensity was
manually performed, without a reproducible threshold. Fur-
thermore, the delineation of the relapse was not accurately
described. Similarly for rCBV, a small retrospective non-
voxel-wise study also found that areas with a future focal
recurrence within a 2-cm margin after gross total resection
retrospectively had a trend toward higher median rCBV than
other areas on immediate post-operative MRI. However, as
no attempt was made to prospectively identify and validate
high-risk rCBV voxels or areas, no predictive data of perfu-
sion abnormality could be extracted, as was performed in
our study [40]. Lastly, the value of voxels combining both
perfusion and diffusion abnormalities to predict sites of
relapse had never been explored before.

With the increasing inclusion of metabolic imaging
within radiotherapy treatment planning systems [41] in
order to target contrast enhanced or metabolic abnormali-
ties, dose-painting approaches based on a multi-target strat-
egy are bringing new hope for better tumor control in GBM
[42, 43]. Several radioresistant targets have already been
identified which could be predictive of relapse. Indeed, sev-
eral studies have shown that spectral abnormalities (choline/
NAA >2 or lactate/NAA >0.4) are predictive of the sites
of relapse [6-9], and have given rise to an ongoing French
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Table 3 Median positive and negative predictive values for sites of
relapse of perfusion/diffusion abnormalities voxels within hyper-
FLAIR and target volume ROIs, with a patient-by-patient analysis (for
the whole cohort and according to the extent of resection, in italics)

PDA voxels PPV (%) NPV (%)
HyperFLAIR TV HyperFLAIR TV

HP,

Whole cohort 24.8 9.3 80.3 91

GTR subgroup 23 5.8 80.9 95.8

STR subgroup 31.3 13.2 80.3 90.8
hP,

Whole cohort 16.8 7.2 78.6 90.8

GTR subgroup 21.1 3.4 79.8 94.5

STR subgroup 16.8 8.0 78.6 86.9
HP,

Whole cohort 28.8 13.5 81.2 89.9

GTR subgroup 26.2 8.2 80.9 95.6

STR subgroup 32.8 14.2 81.2 89.3
DR,

Whole cohort 28.5 8.9 79.4 91.1

GTR subgroup 314 6.2 78.5 95.2

STR subgroup 16.8 9.3 80.3 90.5
HP,&DR,

Whole cohort 52.1 243 78.7 91.7

GTR subgroup 50.6 26.2 77.5 96.3

STR subgroup 53.7 22.3 79.9 91.1

PDA perfusion/diffusion abnormalities, PPV positive predictive
value, NPV negative predictive value, TV target volume, HP, hyper-
perfused voxels with fixed threshold method, 2P, hypoperfused vox-
els with Gaussian method, /P, hyperperfused voxels with Gaussian
method, HP,&DR, hyperperfused & diffusion restricted voxels with
Gaussian method, GTR gross total resection subgroup, STR subtotal
resection subgroup

multicentre randomized trial assessing the benefit of dose
escalation on spectral abnormalities in a dose-painting
approach (NCT01507506). A similar prospective trial is
also about to start in the United States [44] (NCT02394665).
Regarding positron emission tomography (PET), a recent
approach has been developed which uses 11C-methionine
(MET-PET), as high-uptake volumes were found to be asso-
ciated with areas at risk of relapse [45], leading to a pro-
spective trial to confirm these correlations (NCT01873469),
before developing a dose-painting approach.

Regarding perfusion and diffusion MRI data, they are
broadly considered to be correlated to GBM histopathologic
features of aggressiveness. For example, Barajas et al. have
observed a positive correlation between rCBV and micro-
vascular expression, hypoxia, cellular mitosis, and overall
cellularity in GBM, and an inverse correlation between
ADC and the same histopathologic features [46]. However,
similar studies have yielded mixed findings with weaker
correlations with both rCBV and ADC [47-51]. Indeed, a
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partial mismatch between microvessel density or angiogen-
esis and blood volume determinations could be explained
by the fact that the tumor vessels, which are mainly made up
of non functional immature capillaries with a narrow lumen
with no blood flow [52], will not contribute to the rCBV.
Likewise, many factors have been described to influence the
degree to which water molecular motion is reduced within
gliomas, including nuclear-to-cytoplasmic ratio, cellular
density, necrosis, intra- and extra-cellular edema and extra-
cellular matrix components [47-49, 51, 53]. These complex
interactions of water diffusivity within the heterogeneous
inter and intracellular environment of gliomas can thus yield
unpredictable ADC values within a voxel. As mentioned
earlier, r*CBV and ADC are both described as being predic-
tive of outcome, because they seem to be globally correlated
to histopathologic features. However, the weakness of the
correlation in some parts of the tumor and the complexity
of processes at a tissue level such as neoangiogenesis or cell
proliferation within a single voxel do not enable to estab-
lish an accurate cartography of high risk of relapse areas
using only rCBV and ADC. Besides, rtCBV and ADC do not
assess the metabolism of the tumor, as MRI spectroscopy
and MET-PET do. Imaging that does predict the sites of
relapse after chemoradiotherapy may reflect areas of radio-
resistant cells that are usually linked to a specific tumor-cell
metabolism, such as acidosis, whereas DSC-MRI or DWI
seem more reflective of a histopathologic feature. All these
reasons could be advanced to explain why rCBV and ADC
do not seem to help in predicting which areas are at risk
of relapse after chemoradiotherapy. However, although the
other parameters extracted from DSC are less frequently
used in clinical routine compared to rCBYV, further analyses
should be performed in the same way with relative cerebral
blood flow, median time of transit or time to peak.

In conclusion, our results based on a large set of voxels in
a prospective trial suggest that DSC and DWI-MRI do not
predict the GBM relapse sites. Based upon these prelimi-
nary results, at this stage, we cannot support the use of these
techniques to guide focal increases in radiotherapy doses.
However, further investigations with new methodological
approaches and extended cohorts are needed in order to
better understand the role of these modalities in the predic-
tion of glioblastoma relapse sites, and to optimally integrate
them in the radiotherapy treatment planning process.
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