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Multimodal imaging based on MRI and PET reveals [18F]FLT
PET as a specific and early indicator of treatment efficacy
in a preclinical model of recurrent glioblastoma
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Abstract
Purpose The primary objective of this study was to compare
the ability of PET and MRI biomarkers to predict treatment
efficacy in a preclinical model of recurrent glioblastoma
multiforme.
Methods MRI (anatomical, diffusion, vasculature and oxy-
genation) and PET ([18F]FDG and [18F]FLT) parameters were
obtained 3 days after the end of treatment and compared with
late tumour growth and survival.
Results Early after tumour recurrence, no effect of treatment
with temozolomide combined with bevacizumab was ob-
served on tumour volume as assessed by T2-WMRI. At later
times, the treatment decreased tumour volume and increased
survival. Interestingly, at the earlier time, temozolomide+
bevacizumab decreased [18F]FLT uptake, cerebral blood

volume and oedema. [18F]FLT uptake, oedema and cerebral
blood volume were correlated with overall survival but
[18F]FLT uptake had the highest specificity and sensitivity
for the early prediction of treatment efficacy.
Conclusion The present investigation in a preclinical model
of glioblastoma recurrence underscores the importance of
multimodal imaging in the assessment of oedema, tumour
vascular status and cell proliferation. Finally, [18F]FLT holds
the greatest promise for the early assessment of treatment ef-
ficacy. These findings may translate clinically in that individ-
ualized treatment for recurrent glioma could be prescribed for
patients selected after PET/MRI examinations.
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Introduction

Conventional treatments for glioblastoma multiforme (GBM)
involve the use of alkylating chemotherapy based on temozo-
lomide (TMZ) combined with radiotherapy [1, 2] following
surgery. However, in humans recurrence is always observed
(between 27 and 45 weeks after the end of first-line treatment)
[3]. A salvage treatment regimen, used as second-line treat-
ment, is consequently proposed to patients. For GBM, second-
line treatment involves chemotherapy associated or not with
an antiangiogenic treatment, bevacizumab [4]. Indeed, GBM
is highly vascularized and the inhibition of vascular endothe-
lial growth factor has been reported as be the most effective
strategy for the treatment of GBM [5]. Although several phase
II studies have shown marked responses to bevacizumab in
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terms of progression-free survival in patients with recurrent
GBM [6–8], its effect on overall survival is not convincing.

The difficulty in demonstrating treatment efficacy in re-
current GBM may also be due to the absence of relevant
imaging biomarkers. As for first-line treatment, the early eval-
uation of treatment remains a critical point in considering the
use of antiangiogenic treatments, and is well known to change
the interpretation of conventional T1-WMRIwith gadolinium
chelates. Conventional MRI (T2-W and T1-W), associated or
not with diffusion-weighted imaging and perfusion-weighted
imaging, is the standard examination in a patient before any
treatment; thereafter, tumour growth and relapse are often de-
tected by conventional MRI alone. In contrast, better adapted
imaging paradigms have proven to be powerful methodolo-
gies for early assessment of treatment efficacy [9–12]. Simi-
larly, multimodal approaches are recognized as valuable tools
for characterizing the effect of antiangiogenic treatments on
the vasculature. For instance, recent developments in MRI
have allowed its use in estimating the degree of hypoxia [13,
14] and the architecture of vessels in evaluating the efficacy of
an antiangiogenic treatment [15].

Beyond the assessment of the vascular compartment with
MRI, it is also important to characterize the behaviour of tu-
mour cells. With respect to PET imaging, as well as the eval-
uation of glucose metabolism with 2-deoxy-2-[18F]fluoro-D-
glucose ([18F]FDG), other functional parameters can be
analysed such as cell proliferation with 3′-[18F]fluoro-3′-de-
oxy-L-thymidine (FLT) [9, 16] and amino acid uptake by o-
-(2-[18F]fluoroethyl)-L-tyrosine (FET) [17] or methyl-[11C]-L-
methionine (MET) [18]. These specific imaging biomarkers
have proven to be remarkably robust in the early determina-
tion of therapeutic efficacy in newly diagnosed GBM [9, 11,
12, 19].

The aim of this study was to evaluate at a preclinical level
the use of multimodal MRI/PET imaging in predicting and
characterizing the efficacy of chemotherapy combined with
an antiangiogenic treatment in recurrent GBM. To replicate
the most salient aspects of GBM in the clinical setting, we
used the U251 human GBM model that displays numerous
human pathological characteristics (such as central necro-
sis, vascular heterogeneity and hypoxia [20]). To assess the
efficacy of treatment, MRI and PET imaging were per-
formed at an early time (3 days, t1) after the end of
second-line treatment and were compared with late anatom-
ical MRI (10 and 17 days, t2 and t3) and overall survival.
We specifically focused on oedema volume, diffusion, per-
fusion index, cerebral blood volume (CBV), oxygen satura-
tion (SatO2-MRI) and vascular permeability. For PET bio-
markers, we focused on glucose metabolism and cell prolif-
eration using [18F]FDG and [18F]FLT, respectively. Immu-
nohistochemical studies with rat endothelial cell antigen
(RECA-1), Ki67 and pimonidazole were performed to con-
firm the imaging results.

Materials and methods

Cell cultures, rat glioma model and treatments

Cells of the human U251 glioma cell line (National Cancer
Institute) were grown in DMEM (Sigma-Aldrich, France),
1 g/l of glucose supplemented with 2 mM glutamine (Gibco,
France) and 10 % fetal calf serum (Eurobio, France). The
animal investigations were performed in compliance with
the current European directive (2010/63/EU) in authorized
housing and laboratories (B14118001) and with the permis-
sion of the regional committee on animal ethics
(CENOMEXA, 0611-02). The rats were kept in specific
pathogen-free housing and were fed γ-irradiated laboratory
food and water ad libitum. Rats were manipulated under deep
anaesthesia (5 % isoflurane for induction, 2 % for mainte-
nance, in 70% nitrous oxide/30% oxygen). Body temperature
was monitored and maintained at 37.5±0.5 °C throughout the
experiments.

Nude athymic rats (200 – 250 g, three months old, male,
Central Animal Care Facility of the University of Caen,
France) were placed in a stereotactic head holder and a scalp
incision was performed along the sagittal suture. A burr hole
of diameter 1 mm was drilled in the skull, 3 mm lateral to the
bregma. U251 cells (5×104 cells in 3 μl PBS containing glu-
tamine 2 mM) were injected over 6 min via a fine needle
(30G) connected to a Hamilton syringe [21]. The injection site
was the right caudate putamen at a depth of 6 mm. Eight
animals per group were allocated for all imaging studies (ex-
cept for [18F]FLT PETwith four animals per group) following
a calculation of sample size; three additional rats were
autopsied at the time of the last PET session for histological
analysis. The number of rats studied was 49. TMZ (10 mg/kg
in saline, dose chosen to enable tumour recurrence) was ad-
ministrated alone to all animals by gavage daily for 5 days
after initial tumour growth. Recurrence was then confirmed by
MRI (about 4 weeks later). To determine the added value of
using bevacizumab as a second-line treatment, bevacizumab
(Avastin®, Roche) was administered intraperitoneally
(10 mg/kg in saline) daily for 5 days with or without TMZ
at the same dose. Control animals received physiological sa-
line both intraperitoneally and by gavage. The detailed sched-
ule of the treatments and imaging is illustrated in Fig. 1.

Magnetic resonance imaging

For all imaging experiments, the rat was placed in the prone
position. Respiration was monitored with a pressure-sensitive
balloon around the abdomen. MRI was performed on a 7-T
magnet (PharmaScan®; Bruker, Ettlingen, Germany). A cross
coil configuration was used (volume/surface coil; Bruker).
After a scout imaging scan, tumour-associated oedema was
detected with a T2-W sequence (RARE, acceleration factor
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8; TR/TEeff 5,000/62.5 ms; number of experiments (NEX), 1;
20 contiguous slices; resolution 0.15×0.15×0.75 mm; acqui-
sition time 2 min). Then diffusion, perfusion, saturation and
vascular permeability were assessed with echo planar imaging
(EPI). All EPI images were acquired with a single shot, mo-
tion artefact and ghost free, double sampling k-space coverage
with identical bandwidth and geometry (ten contiguous slices,
resolution 0.3×0.3×1.5 mm, except T2*-W images which
were acquired with a slice thickness of 0.3 mm for further
correction of field inhomogeneities for the SatO2-MRI maps)
with saturation slices at the edges of the field of view. The
apparent diffusion coefficient (ADC) of water was computed
from diffusion-weighted spin-echo EPI images (30 diffusion
directions; TR/TE 3,000/46.3 ms; NEX 1, acquisition time
3 min 30 s) with b=1,000 s/mm2 and five reference images
(b≈0 s/mm2).

Vascular parameters were measured 3 days after the end of
the second treatment (see Fig. 1). Prior to injection of contrast
agents, five T2*-W (TR/TE 20,000/12 ms; NEX 3, 50 contig-
uous slices, resolution 0.3×0.3×0.3 mm) and four T2-W (TR/
TE 20,000/40 ms; NEX 3) EPI images were acquired with
various echo times (TE for T2*=12, 15, 18, 21 and 24 ms
and for T2=40, 60, 80 and 100 ms).

Perfusion with dynamic susceptibility contrast MRI

Gradient-echo EPI imageswere then acquired for 15 s before and
105 s after a bolus injection of iron oxide particles (66 μmol/kg,
P904®; Guerbet, France) [22] (TR/TEeff 400/9.17ms; number of
repetitions 300; ten slices; acquisition time 2 min).

Vessel architecture with fractional CBV, vessel size index
and microvessel density

Immediately after the dynamic susceptibility contrast MRI
acquisition, P904 was administered again to achieve a total

dose of 200 μmol/kg and T2*-W (TE 12 ms) images were
acquired.

Vessel permeability with dynamic contrast-enhanced MRI

Flow-sensitive alternating inversion recovery EPI images
were acquired to compute T1 maps for 1 min before and
6 min after injection of Gd-DOTA (200 μmol/kg, Dotarem®;
Guerbet, France) (TR/TE 10,000/7.443ms; 15 inversion times
ranging from 37.8 to 4,937.8 ms; number of repetitions 42; 1
slice; acquisition time 7 min).

Positron emission tomography

[18F]FDG was produced by Cyclopharma (France). [18F]FLT
was provided by the LDM-TEP group (UMR 6301 ISTCT).
Images were acquired using an Siemens Inveon® preclinical
PET system on two consecutive days (see Fig. 1). An 20-min
X-ray scan was employed to generate attenuation maps just
prior to an emission scan initiated 60 min ([18F]FDG) or
40 min ([18F]FLT) after radiotracer injection (66 MBq/kg
[18F]FDG, 66 MBq/kg [18F]FLT) into the caudal vein. All
images were reconstructed using the iterative OSEM-2D
algorithm.

Image processing and analysis

Image analysis was performed with in-house macros based on
the ImageJ software (http://rsb.info.nih.gov/ij/, 1997 – 2014).
PET data were analysed using PMOD 3.1 [23].

MRI tumour volume

Tumours were delineated manually on all adjacent T2-W
slices. Tumour volume was calculated by multiplication
of the sum of contiguous tumour surface areas by the slice
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Fig. 1 Experimental paradigm and schema for the human U251 glioma model in conjunction with MRI and PET
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thickness. The region of interest (ROI) corresponding to
the tumour, or to the mirror ROI in the healthy contralat-
eral side, was then used for all other parameters.

Vascular parameters

Relative cerebral blood flow (CBF) maps as an index of
perfusion were obtained from the first pass of P904. Frac-
tional CBV (fCBV) maps (expressed as a percentages), ves-
sel size index (VSI) maps (expressed in micrometres) and
microvessel density (MVD) maps (expressed in arbitrary
units) were calculated according to previously published
methods [9, 24]. Permeability was studied on volume trans-
fer coefficient (Ktrans) maps computed from dynamic T1
maps during the injection of Gd-DOTA. SatO2-MRI maps
were computed from the equation described by Lemasson
et al. [13]. Briefly, SatO2-MRI maps were calculated as a
function of the T2* signal after correction for inhomogene-
ities, blood volume and T2 effects.

MRI/PET coregistration

All MRI scans were executed such that the various MRI pa-
rameters were anatomically registered to each other. A first
automatic registration (PMOD 3.1) was performed between
T2-W MRI (reference) and the X-ray scan (input) by normal-
ized mutual information.When necessary, the registration was
manually refined. In a second step, the PET parameters were
coregistered to the MRI parameters.

PET analysis

ROIs defined on T2-W MRI images were transferred onto all
PET images. To quantify [18F]FDG and [18F]FLT uptake, the
measured tissue activity concentration (counts, kilobecquerels
per millilitre) was divided by the injected activity in
kilobecquerels per gram of body weight to give a standardized
uptake value (SUV, grams per millilitre).

Statistical analysis

All data are presented as means±SD unless otherwise stated.
One-way ANOVA followed by Tukey’s post-hoc test were
used to compare differences between groups. Two-way
ANOVA (group and time effects) followed by Tukey’s post-
hoc test were used to assess tumour volume differences be-
tween groups. A log-rank test was used to compare Kaplan-
Meier curves. Statistical analyses were performed with JMP®
software (SAS Institute Inc, USA).

Immunohistochemistry

Following the last PET session, each rat’s brain was re-
moved, immediately snap-frozen and stored at −80 °C.
Coronal sections (30 μm) were cut on a cryostat (Leica,
Germany). Immunohistochemical staining for RECA-1
(0.4 μg/ml, Abcam, France) was used to characterize gli-
oma vascularization, for Ki67 (0.35 μg/ml, MIB-1; Dako,
France) to characterize proliferation, and for pimonidazole
(Hypoxyprobe®, 80 mg/kg intraperitoneally 120 min be-
fore the animal was killed; Hypoxyprobe, Burlington,
MA) to characterize hypoxia. After blocking the nonspe-
cific binding sites with bovine serum albumin 3 %/PBS/
Tween 0.1 %/Triton 0.5 % for 90 min at room tempera-
ture, slices were incubated overnight with primary anti-
bodies at 4 °C in bovine serum albumin 1 %/PBS/Tween
0.1 %/Triton 0.5 %, and the staining was revealed by a
Cy3-linked goat anti-mouse IgG (1 μg/ml; Jackson
ImmunoResearch, West Grove, PA). Nuclei were counter-
stained with Hoechst 33342 (Sigma-Aldrich). Tissue sec-
tions were examined at ×20 magnification for RECA-1,
×40 for Ki67 and ×4 for pimonidazole with a Leica
DM6000 microscope in the non-necrotic core of the tu-
mour. The tumour tissue was delimited by Hoechst 33342
counterstaining. The pimonidazole stained images of the
entire tumour were quantified with the MosaicJ plugin
of ImageJ. For quantification of Ki67, three slices per
rat were used and nuclei were counted automatically
(ImageJ ) [21].

Survival study

After imaging, the rats (except those animals killed for
immunohistochemistry) were followed for survival. Prior
to the initiation of the study, 105 days was defined as
an arbitrary endpoint for overall survival outcome. Re-
ceiver operating characteristic (ROC) thresholds were
calculated for these three modalities based on a
predefined survival threshold (animals killed 40 days
after the end of treatment).

Results

Effects of treatment on tumour volume and overall
survival

Tumour volume and overall survival

T2-W images were acquired 3 days after the end of the
treatment (t1). In this model of recurrent GBM, delin-
eation of the tumour volume was similar in each of the
four groups at this time. An increase in the tumour
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volume was observed at the late times (t2 and t3) in all
groups except for the TMZ + bevacizumab group
(Fig. 2a, b). The effect of the combined treatment

TMZ+bevacizumab was also shown by a significant in-
crease in overall survival as compared to the other
groups (Fig. 2c).
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Oedema volume

A principal feature of the U251 model is the presence of a
peritumoral oedema [20]. At the early time (t1) and as ob-
served in patients [25–27], bevacizumab treatment (alone or
with TMZ) significantly decreased the volume of oedematous
tissue (Fig. 2a, d).

Diffusion of water molecules

In the ADC maps (Fig. 2e), a significant decrease in the ADC
values in the tumour was observed but only in the
bevacizumab group (Fig. 2f).

EarlyMRI assessment of treatment effects on the vascular
compartment

Perfusion

To evaluate the effects of the various treatments on perfusion,
the T2* signal during the first pass of the contrast agent (P904)
was determined to compute CBF maps as an index of perfu-
sion. CBF was significantly (p<0.01) higher in the TMZ
group than in the bevacizumab and TMZ+bevacizumab
groups (data not shown).

Vessel architecture (CBV, VSI, MVD)

As expected, fCBVwas higher in the control and TMZ groups
than in the bevacizumab and TMZ+bevacizumab groups in
which the fCBVwas near to that in healthy contralateral tissue
(Fig. 3a, b).

VSI was not affected by treatment and relative MVD was
significantly lower in the TMZ+bevacizumab group than in
the TMZ group (Table 1).

Vascular permeability

As expected, tumour vessels showed greater permeability
(expressed here as Ktrans) than vessels in healthy tissue
(Fig. 3c). Quantitatively, only the TMZ group showed signif-
icantly higher Ktrans values than all the other groups (Fig. 3d).

Oxygenation

We then sought to determine whether the changes observed in
vascularization were associated with changes in oxygenation
using the SatO2-MRImethod. In tumours of the control group,
a decrease in SatO2-MRI signal was observed in the core of
the tumour with an increase in the tumour margin (Fig. 3e). In
tumours of the bevacizumab group, SatO2 was lower than in
those of the control and TMZ groups (Fig. 3f) but was not
significantly different in the TMZ+bevacizumab group.

Immunohistochemistry

In Fig. 4a, the morphology of the cerebral vessels in animals
receiving the antiangiogenic treatment was similar to that of
the vessels in healthy contralateral brain. Vessels appeared to
be abnormal in the TMZ group, which could explain the in-
crease in vascular permeability (Fig. 3c, d). Quantitatively, the
vascular diameter was smaller in the TMZ+bevacizumab
group than in the other groups (see Table 1). This was associ-
ated with a significant decrease in the vessel number in this
group (see Table 1) and resulted in a significant increase in the
domains for this group (see Table 1).Pimonidazole immuno-
staining was also used to confirm the SatO2-MRI results.
Pimonidazole staining was apparent only in the tumour of
the bevacizumab group, confirming the SatO2-MRI results
(Fig. 4b).

Early PET assessment of treatment effects on the cellular
compartment

To assess the effects of treatment on tumour cells, glucose
consumption was measured in terms of [18F]FDG uptake.
No effects of the treatments were detected (Fig. 5a, b). In
contrast, lower [18F]FLT uptake was observed in the TMZ+
bevacizumab group than in the control and TMZ groups
(Fig. 5c, d). The decrease in tumour cell proliferation in the
TMZ+bevacizumab group was also confirmed with Ki67 im-
munostaining (Fig. 4c). The number of Ki67-positive cells
was lower in the TMZ+bevacizumab group than in the other
groups and, furthermore, a slightly lower number was found
in the bevacizumab group (also suggested by the [18F]FLT
PET values). The numbers of Ki67-positive cells (expressed
as cells per square millimetre) were: 318±48 in the control
group; 193±50 in the bevacizumab group, 291±37 in the
TMZ group, and 91±35 in the TMZ+bevacizumab group
(p<0.05 for the bevacizumab group vs. the control group,
p<0.01 for the TMZ+bevacizumab group vs. the control
group, and p<0.001 for the TMZ+bevacizumab group vs.
the TMZ group). Cellular swelling was observed in the
TMZ and TMZ+bevacizumab groups (Fig. 4c).

Predictive value of imaging biomarkers

Unsurprisingly, the absolute volume of tumour calculated
from the late times on T2-W MRI was highly and positively
correlated with overall survival. To determine the value of
imaging in predicting the effect of treatment at an early phase
of the disease process, we determined the degree of correlation
between the different imaging biomarkers at the early time (t1)
and overall survival. As shown in Fig. 6a, there was a linear
correlation between [18F]FLT uptake and overall survival. At
t1, oedema volume and fCBV were also closely correlated
with overall survival. The value of [18F]FLT uptake in
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Table 1 Effects of treatment in
the vascular compartment Vascular parameter Group

Control bevacizumab TMZ TMZ + bevacizumab

MRI

Relative vessel size index 3.12 (0.45) 2.76 (0.40) 3.27 (0.66) 3.06 (0.38)

Relative microvascular density 0.25 (0.06) 0.24 (0.08) 0.30 (0.05) 0.21 (0.04)a

Histology

Vessel diameter (μm) 4.54 (0.55) 4.46 (0.09) 4.60 (0.38) 3.45 (0.22)b

Vessel surface (%) 2.18 (0.64) 2.14 (0.82) 3.40 (1.90) 1.20 (0.45)c

Domains (μm) 34.5 (5.79) 28.6 (9.40) 24.0 (7.30) 46.1 (16.1)d

The data presented are means (SD)
a p<0.05 vs. TMZ group
b p<0.05 vs. control group, bevacizumab group and TMZ group
c p<0.01 vs. TMZ group
d p<0.01 vs. bevacizumab group and TMZ group
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the TMZ and TMZ+
bevacizumab groups (*p<0.001
vs. the control group, #p<0.001
vs. the bevacizumab group, and
$p<0.001 vs. the TMZ+
bevacizumab group). e
Representative oxygen saturation
maps. f Quantitative oxygen
saturation analysis at t1. The bars
are means±SD, n=7 for the
control group, n=6 for the
bevacizumab group, n=8 for the
TMZ group, and n=7 for the
TMZ+bevacizumab group
(*p<0.05 vs. the control group,
and &p<0.05 vs. the TMZ group;
dashed line contralateral, mirror
value)
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predicting overall survival is demonstrated in Fig. 6b in which
PETandMRI imaging in two representative animals receiving
TMZ alone and TMZ in conjunction with bevacizumab is
shown. ROC thresholds for the three functional modalities
allowed discrimination between two populations (Fig. 6d, f,
h). The specificity and sensitivity of the biomarkers were cal-
culated, and oedema volume and fCBV were found to be
associated with a certain number of false-negatives (Fig. 6c,
e). Indeed, the TMZ+bevacizumab group showed a decrease
in oedema volume and fCBV with a positive effect on overall
survival. Of the various biomarkers, [18F]FLT showed the
strongest correlation with overall survival with the highest
sensitivity and specificity (Fig. 6g).

Discussion

A trial with the aim of validating the use of bevacizumab as a
second-line treatment in association with chemotherapy in the

management of recurrent GBM is underway [4, 7]. Unfortu-
nately, most preclinical studies in the development and/or val-
idation of innovative treatments rarely take into account inev-
itable recurrence. To get as close as possible to the clinical
situation, we used a rat model of tumour recurrence. In this
study, we were able to analyse the effect of bevacizumab as-
sociated or not with chemotherapy and to determine the pre-
dictive value of several MRI and PET biomarkers.

Using this recurrent GBM model, we found that neither
TMZ nor bevacizumab alone affects tumour volume and over-
all survival. The low efficacy of TMZ could be due to the fact
that TMZ mainly targets the tumour cells and not the vascu-
lature and the microenvironment that are known to play key
roles in tumour aggressiveness [28]. As hypothesized,
bevacizumab led to an important decrease in fCBV and in
oedema volume. These results concur with those observed in
patients and indicate that the evaluation of oedema could be a
potential biomarker to assess the efficacy of bevacizumab
[10]. However, in the present investigation, we also
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demonstrated that both oedema and fCBV lack specificity
since overall survival was not affected by bevacizumab alone.
From a mechanistic point of view, knowing that the combina-
tion treatment controls tumour growth, we then attempted to
elucidate why the combination treatment was more effective
in this model of recurrent glioma. Zhou and Gallo found, in a
preclinical study, that another antiangiogenic therapy
(sunitinib) could increase the intratumoral concentration of
TMZ and hence its chemotherapeutic activity [29]. Another
hypothesis to explain these effects could be an increase in
tumour perfusion/oxygenation ratio [28, 30, 31] which in-
creases the efficacy of chemotherapy. Future experiments
might consider the mechanisms of action that underlie this
synergistic effect.

For early evaluation of treatment efficacy, multimodal im-
aging allows characterization of drug effects on tumour cells
and the vascular system soon after the initiation of treatment
when no effect on tumour volume is detectable with anatom-
ical MRI. In line with our previous results [9], we clearly
demonstrated that [18F]FLT uptake, oedema and fCBV are

correlated with treatment efficacy. However, [18F]FLT uptake
provides the highest specificity and sensitivity (specificity/
sensitivity 86 %/89 % for [18F]FLT, 80 %/55 % for oedema
and 78 %/70 % for fCBV). Our results are in accordance with
those of Schwarzenberg et al. [11] and Zhao et al. [32] who
also demonstrated that [18F]FLT uptake is predictive of treat-
ment efficacy in patients with recurrent GBM.

In the present study, we used [18F]FLT to assess response
to treatment in a recurrent model of GBM. Numerous radio-
tracers have been proposed in the literature for estimating
therapeutic efficacy in patients with recurrent or newly di-
agnosed glioblastoma (or in preclinical models) including
tracers of proliferation such as [18F]FLT [9, 12, 16], tracers
of apoptosis [33], and radiolabelled amino acids such as
[11C]MET, , [18F]FET and [18F]FDOPA (3,4-dihydroxy-
6-[18F]fluoro-L-phenylalanine). Interestingly, in a study
comparing [18F]FLT and [18F]FDOPA in the evaluation of
patients with recurrent brain tumour receiving bevacizumab
and irinotecan, [18F]FLTwas more predictive of overall sur-
vival than [18F]FDOPA [34]. A principal advantage of
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[18F]FLT compared with other radiolabelled amino acids is
that this biomarker provides a marked contrast between

tumour and normal-appearing brain tissue, as already
discussed in newly diagnosed glioma [35].

Imaging biomarker R² p value
[18F]-FLT 0.48 0.0029

T2w MRI, t2 0.41 0.0003

Oedema volume 0.38 0.0005

fCBV 0.28 0.0049

T2w MRI, t1 0.16 0.03

MVD 0.12 NS

VSI 0.07 NS

[18F]-FDG 0.068 NS

CBF 0.06 NS

SatO2 0.06 NS

Ktrans 0.03 NS

ADC 0.0036 NS
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We opted for a static and delayed acquisition of [18F]FLT,
an approach not compatible with any kinetic modelling. This
choice was made since a dynamic acquisition, as well as being
a realistic solution for routine clinical practice, limits repeated
and prolonged examinations of the animals (MRI, [18F]FDG
PET and [18F]FLT PET) and avoids the risks involved in re-
peated anaesthesia. Furthermore, a kinetic analysis requires
sequential blood sampling which could adversely affect the
general physiological status of the animals. In our study, based
on static acquisition, SUVwas used for analysis. Wardak et al.
[34] found that the SUV approach gave predictive results al-
though inferior to those of kinetic parameters for estimating
the response to treatment in recurrent glioblastoma. In our
study, [18F]FLT SUV was a robust predictor of treatment ef-
ficacy but we do acknowledge that a kinetic analysis could
have improved our overall understanding.

We postulate that the decrease in [18F]FLT uptake results
from a decrease in blood flow, blood volume or blood–brain
barrier (BBB) permeability, all of which may affect the distri-
bution of [18F]FLT in the tumour. Although several clinical
studies have shown the importance of the integrity of the BBB
in relation to [18F]FLT uptake [16, 36], these investigations
were centred on a comparison between low-grade and high-
grade glioma. However, it is widely accepted that the BBB is
not compromised in low-grade glioma and the BBB thus im-
pedes the passage of [18F]FLT, which is not the case in glio-
blastoma. In our preclinical study, the permeability of the
BBB was analysed dynamically with T1 mapping and we
observed that, whatever the treatment, the BBB was compro-
mised although with some differences between groups. In this
study, as previously described [9, 37], [18F]FLT uptake and
Gd-DOTA enhancement were closely correlated (R2=0.76;
Supplementary Figure) although [18F]FLT uptake yielded
values slightly greater than those for Gd-DOTA enhancement.
In this study, for consistency among all images and so that the
analysis was independent of image segmentation, we decided
to use a common ROI derived from MRI and to further focus
on the effects of treatment on intensity rather than on volume.

To further explore potential relationships between
[18F]FLT uptake and BBB permeability, we conducted a cor-
relation study. At the intergroup level, Ktrans was significantly
higher in the TMZ group and, in contrast, no change was
observed in the TMZ+bevacizumab group. On the other
hand, [18F]FLT uptake was unchanged in the TMZ group
but significantly lower in the TMZ+bevacizumab group. We
then performed a correlation study in which [18F]FLT uptake
was expressed as a function of Ktrans in the tumour ROI. No
correlation was observed (R2=0.02; p=0.69). The marked
value of [18F]FLT uptake for predicting survival (not observed
for Ktrans) would suggest that [18F]FLT changes do indeed
reflect the antineoplastic action of the treatments, as corrobo-
rated by the tight correlation observed between [18F]FLT and
Ki67 immunostaining.

This study had some limitations. First, it was performed in
small animals and not in a patient population. It also focused
on only one glioblastoma model (U251), a model chosen
based on our previous experiments showing that this model
exhibits most of the salient pathophysiological characteristics
described in human GBM regarding hypoxia/oxygen levels,
invasion and potential key mutations such as p53 [20, 38, 39].
The low efficacy observed for bevacizumab alone might be
explained by the fact that this antibodywas targeted for human
vascular endothelial growth factor. Another limitation of this
study is that dynamic acquisition and kinetic modelling for
[18F]FLT uptake were not undertaken. As discussed above,
these approaches may have improved the predictive value of
the tracer. A statistical limitation of this study is that although
we used post-hoc tests following a significant ANOVA, each
ANOVA was considered separately. The predictive value of
the different biomarkers was assessed by linear correlation,
with no correction for multiple comparisons, which might
have decreased the likelihood of false-positive findings in this
study.

Conclusion

We demonstrated the usefulness of multimodal imaging for
predicting the efficacy of a chemotherapeutic regimen com-
bined with an antiangiogenic treatment in a recurrent GBM
model. Among the different biomarkers analysed in this pre-
clinical study, [18F]FLT appeared to be the most specific and
earliest indicator for the early assessment of therapeutic effi-
cacy in our experimental paradigm. The present investigation
underscores the importance of multimodal imaging in the ear-
ly assessment of tumoral response to treatment since it allows
the characterization, in a narrow temporal window, of various
features of a tumour including cell proliferation, oedema and
various parameters of the vasculature. These results reinforce
the interest in and emphasize the importance of employing
state-of-the-art PET/MR systems for the therapeutic manage-
ment of certain GBM patients.
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