
 

 

 University of Groningen

Serial FLT PET imaging to discriminate between true progression and pseudoprogression in
patients with newly diagnosed glioblastoma
Brahm, Cyrillo G; den Hollander, Martha W; Enting, Roelien H; de Groot, Jan Cees; Solouki,
A Millad; den Dunnen, Wilfred F A; Heesters, Mart A A M; Wagemakers, Michiel; Verheul,
Henk M W; de Vries, Elisabeth G. E.
Published in:
European Journal of Nuclear Medicine and Molecular Imaging

DOI:
10.1007/s00259-018-4090-4

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2018

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Brahm, C. G., den Hollander, M. W., Enting, R. H., de Groot, J. C., Solouki, A. M., den Dunnen, W. F. A.,
Heesters, M. A. A. M., Wagemakers, M., Verheul, H. M. W., de Vries, E. G. E., Pruim, J., & Walenkamp, A.
M. E. (2018). Serial FLT PET imaging to discriminate between true progression and pseudoprogression in
patients with newly diagnosed glioblastoma: a long-term follow-up study. European Journal of Nuclear
Medicine and Molecular Imaging, 45(13), 2404-2412. https://doi.org/10.1007/s00259-018-4090-4

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

https://doi.org/10.1007/s00259-018-4090-4
https://research.rug.nl/en/publications/serial-flt-pet-imaging-to-discriminate-between-true-progression-and-pseudoprogression-in-patients-with-newly-diagnosed-glioblastoma(dc10067a-e231-481d-b2b7-95df9fb6cd30).html
https://doi.org/10.1007/s00259-018-4090-4


ORIGINAL ARTICLE
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Abstract
Purpose Response evaluation in patients with glioblastoma after chemoradiotherapy is challenging due to progressive, contrast-
enhancing lesions on MRI that do not reflect true tumour progression. In this study, we prospectively evaluated the ability of the
PET tracer 18F-fluorothymidine (FLT), a tracer reflecting proliferative activity, to discriminate between true progression and
pseudoprogression in newly diagnosed glioblastoma patients treated with chemoradiotherapy.
Methods FLT PETand MRI scans were performed before and 4 weeks after chemoradiotherapy. MRI scans were also performed
after three cycles of adjuvant temozolomide. Pseudoprogression was defined as progressive disease on MRI after chemoradio-
therapy with stabilisation or reduction of contrast-enhanced lesions after three cycles of temozolomide, and was compared with
the disease course during long-term follow-up. Changes in maximum standardized uptake value (SUVmax) and tumour-to-normal
uptake ratios were calculated for FLT and are presented as the mean SUVmax for multiple lesions.
Results Between 2009 and 2012, 30 patients were included. Of 24 evaluable patients, 7 showed pseudoprogression and 7 had
true progression as defined by MRI response. FLT PET parameters did not significantly differ between patients with true
progression and pseudoprogression defined by MRI. The correlation between change in SUVmax and survival (p = 0.059) almost
reached the standard level of statistical significance. Lower baseline FLT PET uptake was significantly correlated with improved
survival (p = 0.022).
Conclusion Baseline FLT uptake appears to be predictive of overall survival. Furthermore, changes in SUVmax over time showed
a tendency to be associated with improved survival. However, further studies are necessary to investigate the ability of FLT PET
imaging to discriminate between true progression and pseudoprogression in patients with glioblastoma.
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Introduction

Glioblastoma (GBM) is the most common and most ag-
gressive primary brain tumour. It accounts for more than
50% of all gliomas and has an incidence rate of 3.19 per
100.000 in the United States [1]. Current first-line treat-
ment, consisting of maximal surgical resection followed
by postoperative radiation with concomitant and adjuvant
temozolomide (TMZ) therapy, has improved 2-year sur-
vival from 11% to 27% and 5-year survival from 2% to
10% [2]. However, response evaluation of this treatment
in these patients is problematic because of the difficulty in
distinguishing recurrent tumour (i.e. true progression)
from pseudoprogression. Pseudoprogression is defined as
progressive gadolinium-enhanced lesions on MRI imme-
diately after the end of concurrent chemoradiotherapy,
following stabilisation or spontaneous improvement in
the contrast-enhanced lesions without further treatment
other than adjuvant TMZ [3, 4]. This is observed in 28–
66% of all GBM patients undergoing chemoradiotherapy,
and primarily occurs within the first 3 months after com-
pletion of chemoradiotherapy [5]. The difficulty in
distinguishing true progression from pseudoprogression
impedes clinical decision making in these patients. In pa-
tients with pseudoprogression, standard treatment with ad-
juvant TMZ should be continued, whereas in patients with
true tumour progression, other treatment modalities – al-
though scarce – or palliative supportive care are more
appropriate.

The use of several amino acid tracers, including 11C-methi-
onine (MET), 18F-fluoroethyl-L-tyrosine (FET) and L-3,4-di-
hydroxy-6-18F-fluorophenylalanine (F-DOPA), for the meta-
bolic imaging of brain tumours has been extensively explored
[6–9]. Imaging studies with these amino acid tracers have
provided valuable information on the identification of
nonenhancing, metabolically active tumour areas, and
the prediction of treatment response in patients receiving
antiangiogenic therapy [10–12].

Interestingly, 18F-fluorothymidine (FLT) is an 18F-labelled
thymidine analogue that is taken up preferentially by prolifer-
ating cells. FLT tracer uptake reflects thymidine kinase 1 ac-
tivity, which is involved in DNA synthesis, and can be used as
a measure of cell proliferation. In several tumour types, FLT
uptake measured with PET corresponds to the Ki67 prolifera-
tion index, and its change is correlated with response to ther-
apy [13, 14].

In glioma patients, FLT uptake has been used for tu-
mour grading and is correlated with Ki67 proliferation
index [15, 16]. Moreover, FLT PET has been found to
perform better in predicting survival and recurrence in
glioma patients than FDG PET and MRI [17, 18].
However, to date, no prospective study has been conduct-
ed to determine the ability of FLT PET to discriminate

between pseudoprogression and true progression.
Therefore, the aim of this prospective study in patients
with newly diagnosed GBM was to determine whether
FLT PET scans, performed before and after chemoradio-
therapy, can discriminate between true progression and
pseudoprogression as measured by MRI after three
courses of adjuvant TMZ. In addition, MRI responses
were compared and verified in relation to the disease
course during long-term follow-up.

Materials and methods

Patients and treatment

Patients with newly diagnosed GBM or gliosarcoma (WHO
grade IV, hereafter referred to as GBM) who were eligible for
standard treatment with radiotherapy and TMZ were pro-
spectively included. After surgical resection or biopsy, pa-
tients were treated with radiotherapy consisting of 2 Gy
irradiation 5 out of 7 days per week for 6 weeks, for a total
dose of 60 Gy. Patients received concomitant TMZ orally
at a dose of 75 mg/m2 daily for 6 weeks. After a treatment
break of 4 weeks, patients received up to six cycles of
adjuvant TMZ (150–200 mg/m2) for 5 days every 28 days.
The use of corticosteroids during treatment was recorded. No
changes in treatment were introduced based on the results of
the FLT PET scan. Overall survival was calculated from the
date of informed consent to the date of death or last known
date alive, censored at the time of analysis (end of December
2017). Written informed consent was obtained from all indi-
vidual participants included in the study. The protocol was
approved by the local medical ethics committee and registered
with the Dutch trial register (NTR3680).

MRI imaging

Patients underwent standard radiological follow-up with MRI
(1.5 T using T1, T2 and contrast-enhanced 3D T1 gradient
echo sequences) within 72 h of surgery (baseline), 10 weeks
after the start of treatment (4 weeks after completing chemo-
radiotherapy), 22 weeks after the start of treatment (after the
third cycle of adjuvant TMZ or earlier as clinically indicated),
and every 3 months thereafter. MRI data for this study were
assessed by an independent neuroradiologist and a radiologist-
in-training using the Macdonald criteria for tumour response
evaluation [19]. Pseudoprogression was defined as progres-
sive disease on MRI at 10 weeks, with stabilisation or reduc-
tion in enhancing lesions on MRI at 22 weeks. True progres-
sion was defined as progressive disease on MRI at both
10 weeks and 22 weeks. The MRI responses were confirmed
in relation to the disease course during long-term survival
follow-up of these patients.
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FLT PET imaging

FLT was synthesized as described by Been et al. [20]. FLT
PETscans were performed after surgery, but before the start of
radiotherapy (baseline) and 10 weeks after the start of treat-
ment (4 weeks after completing chemoradiotherapy). Patients
were instructed to fast for a minimum of 4 h before intrave-
nous injection of tracer. For FLT, 200 MBq was administered
30 min before the baseline PET scan (mean ± SD 201.22 ±
14.16 MBq) and follow-up scan (mean ± SD 196.60 ±
26.70 MBq). A 60-min dynamic protocol was used in the first
three patients to determine the optimal timing, followed by an
abbreviated, static protocol of 30 min in the remaining pa-
tients. PET scans were performed on either an HR+ ECAT
Exact or an mCT PET scanner (Siemens, Knoxville, TN).
Baseline and follow-up PET scans were performed on the
same scanner in almost all patients. Both the ECAT Exact
and mCT PET scanners were standardized according to
The Netherlands protocol for standardization and quantifica-
tion of FDG whole-body PET studies in multicentre trials,
which ultimately formed the foundation for the European
Association of Nuclear Medicine (EANM) procedure guide-
lines for tumour PET imaging [21–23].

The maximum standardized uptake value (SUVmax) was
assessed according to EANM procedure guidelines by draw-
ing a region of interest (ROI) around every lesion on a sepa-
rate reconstruction [22]. For multiple lesions, the mean
SUVmax was calculated. FLT PET scans were fused with the
most recent MRI scan to differentiate actual tumour from
postsurgery effects outside the cerebrum if needed. The
SUVmean for normal brain tissue was assessed by drawing a
ROI in the contralateral brain tissue. Tumour and nontumour
ROIs were drawn by the same clinical researcher and were
confirmed by a nuclear medicine physician. Tumour-to-
normal (T/N) ratios were determined by dividing the
SUVmax of the tumour by the SUVmean of the normal brain
tissue. Threshold values for SUVmax and T/N ratio, and a FLT
PET response, defined as a 25% decrease in SUVmax between
the first and second FLT PET scan, were based on correspond-
ing FLT studies in the literature [18, 24, 25].

Ki67 immunohistochemical staining

Deparaffinized GBM tissue from primary surgery or biopsy
was used to evaluate the proliferation fraction of tumour cells
(tissue slices of thickness 4 μm). Antigen retrieval was per-
formed using 10 mM Tris/1 mM EDTA (pH 9) in a microwave
at 700 W. Endogenous peroxidase and biotin were blocked
using routine techniques. The slides were incubated with the
primary antibody, Ki67 (clone MIB-1; Dako, Glostrup,
Denmark) at room temperature for 1 h, followed by applica-
tion of the secondary antibody, peroxidase-conjugated rabbit
anti-mouse serum (Dako), and the tertiary antibody,

peroxidase-conjugated goat anti-rabbit serum (Dako), for
30 min each. The first antibody was diluted 1/100 in 1%
bovine serum albumin (BSA)/phosphate-buffered saline
(PBS). The secondary and tertiary antibodies were diluted 1/
100 in 1% BSA/PBS with 1% AB serum. Colour was devel-
oped with 3,3′-diaminobenzidine (Sigma, Zwijndrecht,
The Netherlands) for 10 min. The slides were scanned for
hot spots of proliferative activity. In one high-power field
(×400 magnification) the fraction of Ki67-positive nuclei/
total number of nuclei was determined.

Statistics

Taal et al. found that 18 of 85 patients (20%) had discordant
MRI scans showing disease progression on the first follow-up
scan 4 weeks after the end of radiotherapy followed by
stabilisation or a reduction in the contrast-enhanced lesions on
MRI at 22 weeks, indicating pseudoprogression [3]. McNemar’s
test showed that five discordant MRI scans in the absence of
discordant FLT PET scans would be sufficient to prove the
superiority of FLT PET over MRI for discriminating between
true progression and pseudoprogression. Based on these as-
sumptions, at least 25 patients were needed for this study.

An independent samples t test and the Mann–Whitney U test
were used to compare FLT uptake and T/N ratios, respectively,
between patients with and without pseudoprogression. To dis-
criminate between true progression and pseudoprogression, re-
ceiver operating characteristic curves were used to find an opti-
mal cut-off value for FLT uptake and changes in uptake. Fisher’s
exact test was used to determine if FLT PET could accurately
identify patients with pseudoprogression, based on optimal cut-
off values. Kaplan-Meier curves with the log-rank test were used
to analyse survival in our long-term survival follow-up. An ad-
ditional multiple Cox regression analysis was performed on sur-
vival data to correct for clinical variables (i.e. tumour extent and
size, steroid use and Ki67 proliferation index). Furthermore,
hazard ratios (HRs) for clinical variables were calculated and
are reported with 95% confidence intervals (CIs). Lastly, a
Pearson correlation test was used to calculate correlations be-
tween FLT uptake and proliferation index. A two-sided p value
of <0.05 was considered significant. Statistics were calculated
using IBM SPSS Statistics 22. Graphs were generated using
GraphPad Prism version 7.02 for Windows.

Results

Patients

Of 30 patients (28 with GBM and 2 with gliosarcoma, WHO
grade IV) included between November 2009 and November
2012 (Table 1), five were not evaluable for pseudoprogression
due to early death, salvage surgery or clinical deterioration
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that prevented further participation in the study, and one was
excluded from the pseudoprogression analysis as only a base-
line MRI scan before tumour resection was available. The
CONSORT diagram is shown in Fig. 1.

Baseline FLT PET scans were performed 4.9 ± 3.8 days
before the start of radiotherapy, except in two patients
who had their baseline FLT PET scan 2 and 4 days after
the start of radiotherapy for logistic reasons. Follow-up
FLT PET scans were performed 27.0 ± 8.0 days after com-
pletion of radiotherapy. Three patients had their follow-up
FLT PET scan 1 day after the start of adjuvant TMZ.
Finally, for logistic reasons two patients had their FLT
PET scan 6 and 22 days after the start of adjuvant TMZ,
respectively.

Pseudoprogression as defined by MRI response

A total of 24 patients were analysed for pseudoprogression
(Fig. 1). The mean SUVmax values at baseline and at 10 weeks
in these 24 patients were 1.96 ± 1.00 and 1.28 ± 0.53, respec-
tively. Pseudoprogression was observed in seven patients, and
true progression in seven other patients (Fig. 2). Ten patients
had either stable disease or a complete response on MRI after
10 weeks (Table 2). Six patients, of whom one had
pseudoprogression and another had true progression, initially
showed no baseline FLT uptake due to a macroscopic gross
total resection of their tumour. Therefore, some of the
pseudoprogression analyses had to be performed in the re-
maining patients.

Patients with pseudoprogression had mean SUVmax

values of 2.01 ± 1.08 at baseline and 1.41 ± 0.65 at
10 weeks, compared with 2.07 ± 1.11 at baseline and
1.28 ± 0.62 at 10 weeks in patients with true progression.
There was no significant difference between patients with
pseudoprogression and those with true progression in
SUVmax at baseline (p = 0.928), SUVmax at 10 weeks
(p = 0.699), change in SUVmax (p = 0.567) and T/N ratio
(p = 0.699) on FLT PET scans. Furthermore, FLT parame-
ters in patients with pseudoprogression and those with true
progression did not significantly differ from the FLT pa-
rameters in patients with stable disease or complete
response.

Two of the patients with pseudoprogression were identified
based on FLT uptake reduction, while three patients with true
progression also showed a decrease in SUVmax of more than
25% (sensitivity 29%, specificity 43%). Furthermore, cut-off
values identified as optimal by others for identifying recurrent
tumour with a SUV of ≥1.34 and a T/N ratio of ≥4.94 were
applied to FLT PET scans at 10 weeks [24, 25]. However, this
approach did not provide an accurate prediction in all patients.

Table 1 Patient characteristics

Characteristic Value

Age (years), median (range) 58 (33–68)

Sex, n

Male 17

Female 13

Tumour type, n

Glioblastoma 26

Secondary glioblastoma 2

Gliosarcoma 2

Type of intervention, n

Biopsy 3

Surgical resection 27

Completed treatment, n

Radiotherapy 29

Concomitant temozolomide 23

Adjuvant temozolomidea 11

a Of 27 patients available for analysis

Fig. 1 CONSORT diagram
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ROC curves showed no other reasonable cut-off value for any
parameter.

Long-term follow-up

In all 30 patients, a baseline FLT PET scan was avail-
able. However, five patients showed no FLT uptake on
baseline FLT PET. Therefore, survival analyses with
SUVmax at baseline were based on 25 patients. At the
end of December 2017, 27 patients had died and three
were censored at the date last known to be alive. The

median overall survival in all patients was 14.1 months
(95% CI 3.4–24.8 months).

SUVmax at baseline and 10 weeks were both significantly
correlated with survival (HR = 3.03, 95% CI 1.72–5.33. p <
0.001, and HR = 5.16, 95% CI 1.83–14.55, p = 0.002, respec-
tively). The correlation between change in SUVmax

(ΔSUVmax) and survival almost reached the standard level of
statistical significance (HR = 0.44, 95% CI 0.19–1.03, p =
0.059). When compared to the response defined by MRI after
three cycles of adjuvant TMZ, MRI response was more sig-
nificantly associated with survival (p = 0.028) than SUVmax at
baseline (p = 0.048) and at follow-up (p = 0.044).

Furthermore, use of steroids, tumour size and extent of
disease were significantly associated with survival (p =
0.007, p = 0.001 and p = 0.047, respectively). After correction
for these clinical variables, SUVmax at baseline remained sig-
nificantly correlated with survival (HR = 6.82, 95% CI 1.31–
35.42, p = 0.022; Table 3). Furthermore, the results of the
subgroup analysis, excluding six patients who were scanned
during radiotherapy or TMZ treatment, were comparable to
those of the main analysis.

Proliferation index

In the 28 patients with specimens available for Ki67 staining,
the mean SUVmax at baseline and at 10 weeks, and ΔSUVmax

did not correlate with the Ki67 index of the tumour tissue
before treatment (r = 0.233, p = 0.285; r = −0.321, p = 0.145;
and r = −0.191, p = 0.420, respectively).

Discussion

In this small, prospective trial, we defined pseudoprogression
and true progression based on both MRI scans, and compared
MRI responses with the disease course during long-term fol-
low-up. Changes in SUVmax (ΔSUVmax) between the FLT PET
scan at baseline and 10 weeks did not discriminate between true
progression and pseudoprogression as defined by MRI.
Interestingly, during long-term follow-up, ΔSUVmax between
baseline and 10 weeks showed a tendency to be associated with
improved survival. Furthermore, in the 24 patients included in
our analysis, a lower baseline FLT uptake did not correlate with
Ki67 index, but was predictive of a longer survival.

Despite the urgent need to distinguish between true pro-
gression and pseudoprogression in GBM patients, this is one
of the few prospective studies that has assessed the ability of
FLT PET imaging to distinguish pseudoprogression from true
progression with long-term follow-up [26]. To date, mainly
retrospective studies have been performed in patients with
radiological suspicion of recurrent brain tumour at different
time points, and these have shown variable results. In one
study, FLT PET had a low specificity for distinguishing

Fig . 2 MRI and FLT PET imaging in a pat ient with (a )
pseudoprogression and (b) true progression: top row: MRI images at
baseline (left), 10 weeks (centre) and 22 weeks (right); bottom row:
PET images at baseline (left) and 10 weeks (right). FLT PET images
showed a SUVmax of 1.44 at baseline and 0.74 at 10 weeks in the
patient with pseudoprogression, and 3.70 at baseline and 1.80 at
10 weeks in the patient with true progression
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recurrent tumour from benign lesions in 20 patients [25].
Three other studies were able to discriminate between true
progression and radionecrosis in 15, 19 and 21 glioma
patients, respectively, using FLT kinetic values and the T/
N ratio [24, 27, 28].

MRI is still considered the optimal modality for the assess-
ment of treatment response and effects [3]. Consequently,
changes on MRI at 10 and 22 weeks were used in our study
to define pseudoprogression and true progression.
Unfortunately, at the time of this study, the RANO criteria
for glioma response evaluation on MRI were still under de-
velopment, and therefore, the MacDonald criteria were used

instead. As well as the imaging characteristics on convention-
al contrast-enhanced T1-weighted MRI images, the RANO
response criteria also include characteristics on T2-weighted
and fluid-attenuated inversion recovery (FLAIR) images [29].
However, due to the difficulty in identifying tumour lesions
without contrast enhancement and the quantitative evaluation
of the degree of T2/FLAIR changes to define tumour progres-
sion, an adequate assessment of treatment response or tumour
recurrence with the help of the RANO criteria remains prob-
lematic [30, 31].

A key limitation of FLT, in contrast to MET, FET and F-
DOPA amino acid tracers, is that FLT uptake is primarily

Table 2 Overview of results in all included patients

Category Patient
no.

SUVmax

baseline
T/N
baseline

SUVmax10 weeks T/N
10 weeks

Change SUVmax

(%)
MRI
10 weeks

MRI
22 weeks

Ki67
(%)

Overall
survival
(months)

Pseudoprogression 3 NU ND 0.81 3.1 ND PD SD 35 31.9

4a 1.73 5.6 1.58 6.3 −8.7 PD SD 35 16.8

14 1.23 3.0 1.14 3.5 −7.3 PD SD 60 45.3

15 1.90 5.3 1.61 4.0 −15.3 PD SD 18 9.5

18 4.17 8.7 2.67 3.3 −36.0 PD SD ND 9.4

25 1.61 6.0 1.33 3.9 −17.4 PD SD 50 41.2

28 1.44 7.6 0.74 4.1 −48.6 PD SD 50 50.2c

Progressive
disease

8 2.18 14.5 0.74 4.4 −66.1 PD PD 50 19.3

13 NU ND 0.96 1.7 ND PD PD 25 8.8

20 1.38 3.9 1.68 2.8 21.7 PD PD 30 11.3

21 1.59 5.9 0.85 2.3 −46.5 PD PD 25 59.4c

22a,b 0.65 2.0 0.68 2.7 4.6 PD PD 20 13.6

27 3.70 9.5 1.80 5.3 −51.4 PD PD 50 5.9

29 2.93 8.1 2.23 5.9 −23.9 PD PD 7 7.5

Other 2 NU ND NU ND ND SD SD 40 40.3

5 1.24 3.1 1.46 3.2 17.7 SD PD 40 19.7

6a 1.75 4.4 0.95 2.9 −45.7 SD SD 30 31.2

9 2.43 6.2 1.14 2.5 −53.1 SD SD 30 24.0

10 NU ND NU ND ND CR PD 10 14.1

11a NU ND NU ND ND CR CR 50 28.4

16 3.00 5.9 1.26 2.6 −58.0 SD PD 19 9.7

19 1.10 2.0 1.00 1.9 −9.1 SD SD 40 62.2c

23a,b 0.35 1.5 NU ND ND CR CR 15 19.4

26 2.85 16.8 0.93 5.5 −67.4 SD PD 60 6.4

Excluded from
analysis

1 1.55 3.4 1.33 2.8 −14.2 NE SD 30 29.0

7 1.59 7.6 1.34 8.4 −15.7 PD PD 25 10.0

12a 2.84 9.8 1.64 5.1 −42.3 SD ND 30 4.1

17 5.02 9.0 ND ND ND ND ND 50 1.3

24 1.64 6.6 ND ND ND SD ND 20 8.7

30 1.42 3.3 ND ND ND SD SD ND 10.6

CR complete response, PD progressive disease, SD stable disease, ND not done, NE not evaluable, NU no uptake
a Patient underwent follow-up FLT PET during adjuvant temozolomide treatment (range 1–22 days)
b Patient underwent baseline FLT PET during radiotherapy (range 2–4 days)
c Patient censored at date last known alive
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restricted to contrast-enhancing tumour lesions due to its de-
pendence on the permeability and tumour disruption of the
blood–brain barrier [31, 32]. Therefore, the inability to accu-
rately discriminate between true progression and
pseudoprogression in our prospective study with FLT PET
may well have been due to the fact that FLT uptake in high-
grade gliomas reflects not only trapping of FLT in proliferat-
ing tumour cells, but also disruption of the blood–brain barrier
[33]. As a result, areas showing true progression as well as
pseudoprogression would show an increased FLT uptake.

An important limitation of this study is that only SUVmax

was used for quantification of FLT uptake. The use of SUVmax

does not take into account the heterogeneity in FLT uptake.
Therefore, kinetic analysis might be of interest to distinguish
between FLT uptake due to proliferation and FLT leakage that
results from disruption of the blood–brain barrier, as shown in
previous studies [33–36]. In addition, kinetic analysis would
support the correct interpretation of the static FLT data.
Unfortunately, kinetic analysis could not be performed in the
present study, as FLT PET scans were performed 30 min after
tracer injection. However, SUVmax is easy to obtain, is mostly
used in clinical practice with FDG PET imaging, and has been
proven to be robust. In glioma, SUVmax quantification of FLT
uptake has a repeatability coefficient of 23%, which seems to
be better than corresponding values for FDG PET [37, 38].
Furthermore, in other studies FLT kinetic values have been
found to be well correlated with SUV parameters [39, 40].
Several studies have suggested other parameters for

quantification of FLT PET, such as proliferative volume and
parametric response maps [12, 41]. Due to the small numbers
of patients and the different approaches used for quantifica-
tion, direct comparison of the results is difficult.

Lastly, it is difficult to determine the optimal timing of
serial FLT PET imaging before and during GBM treatment.
Since the aim of this study was to differentiate between true
progression and pseudoprogression after chemoradiotherapy,
the baseline FLT PET scan was performed after surgery.
Imaging before surgery would have revealed tumour uptake,
but most patients undergo a gross total resection of tumour
tissue. However, imaging after surgery can also lead to in-
creased FLT uptake due to increased blood flow and prolifer-
ation as part of the wound healing process. This might also
explain the lack of correlation between FLT uptake and the
Ki67 index in our study, in contrast to the results of previous
studies, in which the FLT PET scans were often performed
before surgery [15–17].

Interestingly, FLT PET uptake at baseline and at 10 weeks
was significantly correlated with survival. Furthermore, a de-
crease in FLT uptake over time also showed a tendency to be
associated with improved survival (p = 0.059). After correc-
tion for clinical variables, only baseline FLT uptake remained
significantly associated with survival. However, previous
studies have also confirmed that (change in) FLT uptake is a
strong independent predictor of survival [12, 18, 42]. This is in
line with the results of imaging studies using FET and F-
DOPA amino acid PET tracers [11, 12]. Therefore, FLT

Table 3 Univariate and
multivariate survival analyses No. of events/no.

of patients
Hazard ratio (95% CI) p value

Univariate analysis

SUVmax at baseline – 3.03 (1.72–5.33) <0.001

SUVmax at 10 weeks – 5.16 (1.83–14.55) 0.002

ΔSUVmax – 0.44 (0.19–1.03) 0.059

Use of steroids No 8/10 1 0.007
Yes 19/20 3.21 (1.37–7.53)

Tumour size (mm2) – 1.00 (1.000–1.001) 0.001

Tumour extent Single lobe 19/22 1 0.047

Multiple lobes 8/8 2.37 (1.01–5.55)

Ki67 (%) – 0.97 (0.94–1.01) 0.095

Multivariate analysis

SUVmax at baseline – 6.82 (1.31–35.42) 0.022

SUVmax at 10 weeks – 5.01 (0.62–40.56) 0.131

ΔSUVmax – 0.42 (0.12–1.45) 0.170

Use of steroids No 8/10 1 0.554
Yes 19/20 1.50 (0.39–5.70)

Tumour size (mm2) – 1.00 (1.000–1.004) 0.011

Tumour extent Single lobe 19/22 1 0.022
Multiple lobes 8/8 18.38 (1.54–219.96)

Ki67 (%) – 1.01 (0.97–1.06) 0.595
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uptake may still provide useful prognostic information in pa-
tients with GBM.

Conclusion

Our study suggests that further evaluation of FLT PET imag-
ing is warranted to define its ability to discriminate between
pseudoprogression and true progression in GBM patients
treated with chemoradiotherapy, as this remains an urgent un-
met need.

Acknowledgments The clinical protocol was drafted at the ECCO-
AACR-EORTC-ESMO Workshop Flims, Switzerland, 2008, on
Methods in Clinical Cancer Research.

Compliance with ethical standards

Conflicts of interest None.

Ethical approval All procedures performed in studies involving human
participants were in accordance with the ethical standards of the institu-
tional and national research committee and in compliance with the prin-
ciples of the 1964 Declaration of Helsinki and its later amendments or
comparable ethical standards.

Informed consent Informed consent was obtained from all individual
participants included in the study.

Open Access This article is distributed under the terms of the Creative
Commons At t r ibut ion 4 .0 In te rna t ional License (h t tp : / /
creativecommons.org/licenses/by/4.0/), which permits unrestricted use,
distribution, and reproduction in any medium, provided you give appro-
priate credit to the original author(s) and the source, provide a link to the
Creative Commons license, and indicate if changes were made.

References

1. Dolecek TA, Propp JM, Stroup NE, Kruchko C. CBTRUS statisti-
cal report: primary brain and central nervous system tumors diag-
nosed in the United States in 2005–2009. Neuro Oncol.
2012;14(Suppl 5):v1–49. https://doi.org/10.1093/neuonc/nos218.

2. Stupp R, Hegi ME, Mason WP, van den Bent MJ, Taphoorn MJ,
Janzer RC, et al. Effects of radiotherapy with concomitant and
adjuvant temozolomide versus radiotherapy alone on survival in
glioblastoma in a randomised phase III study: 5-year analysis of
the EORTC-NCIC trial. Lancet Oncol. 2009;10:459–66. https://
doi.org/10.1016/s1470-2045(09)70025-7.

3. Taal W, Brandsma D, de Bruin HG, Bromberg JE, Swaak-Kragten
AT, Smitt PA, et al. Incidence of early pseudo-progression in a
cohort of malignant glioma patients treated with chemoirradiation
with temozolomide. Cancer. 2008;113:405–10. https://doi.org/10.
1002/cncr.23562.

4. Brandsma D, Stalpers L, Taal W, Sminia P, van den Bent MJ.
Cl in ica l fea tures , mechanisms, and management of
pseudoprogression in malignant gliomas. Lancet Oncol. 2008;9:
453–61. https://doi.org/10.1016/s1470-2045(08)70125-6.

5. Fink J, Born D, Chamberlain MC. Pseudoprogression: relevance
with respect to treatment of high-grade gliomas. Curr Treat
Options Oncol. 2011;12:240–52. https://doi.org/10.1007/s11864-
011-0157-1.

6. Dunet V, Rossier C, Buck A, Stupp R, Prior JO. Performance of
18F-fluoro-ethyl-tyrosine (18F-FET) PET for the differential diag-
nosis of primary brain tumor: a systematic review and metaanalysis.
J Nucl Med. 2012;53:207–14. https://doi.org/10.2967/jnumed.111.
096859.

7. Glaudemans AW, Enting RH, Heesters MA, Dierckx RA, van
Rheenen RW, Walenkamp AM, et al. Value of 11C-methionine
PET in imaging brain tumours and metastases. Eur J Nucl Med
Mol Imaging. 2013;40:615–35. https://doi.org/10.1007/s00259-
012-2295-5.

8. Lapa C, Linsenmann T, Monoranu CM, Samnick S, Buck AK,
Bluemel C, et al. Comparison of the amino acid tracers 18F-FET
and 18F-DOPA in high-grade glioma patients. J Nucl Med.
2014;55:1611–6. https://doi.org/10.2967/jnumed.114.140608.

9. Kratochwil C, Combs SE, Leotta K, Afshar-Oromieh A, Rieken S,
Debus J, et al. Intra-individual comparison of 18F-FET and 18F-
DOPA in PET imaging of recurrent brain tumors. Neuro Oncol.
2014;16:434–40. https://doi.org/10.1093/neuonc/not199.

10. Hutterer M, Nowosielski M, Putzer D, Jansen NL, Seiz M, Schocke
M, et al. [18F]-fluoro-ethyl-L-tyrosine PET: a valuable diagnostic
tool in neuro-oncology, but not all that glitters is glioma. Neuro
Oncol. 2013;15:341–51. https://doi.org/10.1093/neuonc/nos300.

11. Galldiks N, Rapp M, Stoffels G, Fink GR, Shah NJ, Coenen HH, et
al. Response assessment of bevacizumab in patients with recurrent
malignant glioma using [18F]Fluoroethyl-L-tyrosine PET in com-
parison to MRI. Eur J Nucl Med Mol Imaging. 2013;40:22–33.
https://doi.org/10.1007/s00259-012-2251-4.

12. Harris RJ, Cloughesy TF, Pope WB, Nghiemphu PL, Lai A, Zaw T,
et al. 18F-FDOPA and 18F-FLT positron emission tomography
parametric response maps predict response in recurrent malignant
gliomas treated with bevacizumab. Neuro Oncol. 2012;14:1079–
89. https://doi.org/10.1093/neuonc/nos141.

13. Salskov A, Tammisetti VS, Grierson J, Vesselle H. FLT: measuring
tumor cell proliferation in vivo with positron emission tomography
and 3′-deoxy-3′-[18F]fluorothymidine. Semin Nucl Med. 2007;37:
429–39. https://doi.org/10.1053/j.semnuclmed.2007.08.001.

14. Shields AF, Grierson JR, Dohmen BM, Machulla HJ, Stayanoff JC,
Lawhorn-Crews JM, et al. Imaging proliferation in vivo with [F-
18]FLT and positron emission tomography. Nat Med. 1998;4:
1334–6. https://doi.org/10.1038/3337.

15. Choi SJ, Kim JS, Kim JH, Oh SJ, Lee JG, Kim CJ, et al. [18F]3′-
deoxy-3′-fluorothymidine PET for the diagnosis and grading of
brain tumors. Eur J Nucl Med Mol Imaging. 2005;32:653–9.
https://doi.org/10.1007/s00259-004-1742-3.

16. Saga T, Kawashima H, Araki N, Takahashi JA, Nakashima Y,
Higashi T, et al. Evaluation of primary brain tumors with FLT-
PET: usefulness and limitations. Clin Nucl Med. 2006;31:774–80.
https://doi.org/10.1097/01.rlu.0000246820.14892.d2.

17. Chen W, Cloughesy T, Kamdar N, Satyamurthy N, Bergsneider M,
Liau L, et al. Imaging proliferation in brain tumors with 18F-FLT
PET: comparison with 18F-FDG. J Nucl Med. 2005;46:945–52.

18. Chen W, Delaloye S, Silverman DH, Geist C, Czernin J, Sayre J, et
al. Predicting treatment response of malignant gliomas to
bevacizumab and irinotecan by imaging proliferation with [18F]
fluorothymidine positron emission tomography: a pilot study. J
Clin Oncol. 2007;25:4714–21. https://doi.org/10.1200/jco.2006.
10.5825.

19. Macdonald DR, Cascino TL, Schold SC Jr, Cairncross JG.
Response criteria for phase II studies of supratentorial malignant
glioma. J Clin Oncol. 1990;8:1277–80. https://doi.org/10.1200/jco.
1990.8.7.1277.

Eur J Nucl Med Mol Imaging

https://doi.org/10.1093/neuonc/nos218
https://doi.org/10.1016/s1470-2045(09)70025-7
https://doi.org/10.1016/s1470-2045(09)70025-7
https://doi.org/10.1002/cncr.23562
https://doi.org/10.1002/cncr.23562
https://doi.org/10.1016/s1470-2045(08)70125-6
https://doi.org/10.1007/s11864-011-0157-1
https://doi.org/10.1007/s11864-011-0157-1
https://doi.org/10.2967/jnumed.111.096859
https://doi.org/10.2967/jnumed.111.096859
https://doi.org/10.1007/s00259-012-2295-5
https://doi.org/10.1007/s00259-012-2295-5
https://doi.org/10.2967/jnumed.114.140608
https://doi.org/10.1093/neuonc/not199
https://doi.org/10.1093/neuonc/nos300
https://doi.org/10.1007/s00259-012-2251-4
https://doi.org/10.1093/neuonc/nos141
https://doi.org/10.1053/j.semnuclmed.2007.08.001
https://doi.org/10.1038/3337
https://doi.org/10.1007/s00259-004-1742-3
https://doi.org/10.1097/01.rlu.0000246820.14892.d2
https://doi.org/10.1200/jco.2006.10.5825
https://doi.org/10.1200/jco.2006.10.5825
https://doi.org/10.1200/jco.1990.8.7.1277
https://doi.org/10.1200/jco.1990.8.7.1277


20. Been LB, Hoekstra HJ, Suurmeijer AJ, Jager PL, van der Laan BF,
Elsinga PH. [18F]FLT-PETand [18F]FDG-PET in the evaluation of
radiotherapy for laryngeal cancer. Oral Oncol. 2009;45:e211–5.
https://doi.org/10.1016/j.oraloncology.2009.07.008.

21. Boellaard R, Oyen WJ, Hoekstra CJ, Hoekstra OS, Visser EP,
Willemsen AT, et al. The Netherlands protocol for standardisation
and quantification of FDG whole body PET studies in multi-centre
trials. Eur J Nucl Med Mol Imaging. 2008;35:2320–33. https://doi.
org/10.1007/s00259-008-0874-2.

22. Boellaard R, O’Doherty MJ, Weber WA, Mottaghy FM, Lonsdale
MN, Stroobants SG, et al. FDG PET and PET/CT: EANM proce-
dure guidelines for tumour PET imaging: version 1.0. Eur J Nucl
Med Mol Imaging. 2010;37:181–200. https://doi.org/10.1007/
s00259-009-1297-4.

23. Boellaard R, Delgado-Bolton R, Oyen WJ, Giammarile F, Tatsch
K, Eschner W, et al. FDG PET/CT: EANM procedure guidelines for
tumour imaging: version 2.0. Eur J Nucl Med Mol Imaging.
2015;42:328–54. https://doi.org/10.1007/s00259-014-2961-x.

24. Spence AM, Muzi M, Link JM, O’Sullivan F, Eary JF, Hoffman
JM, et al. NCI-sponsored trial for the evaluation of safety and pre-
liminary efficacy of 3′-deoxy-3′-[18F]fluorothymidine (FLT) as a
marker of proliferation in patients with recurrent gliomas: prelimi-
nary efficacy studies. Mol Imaging Biol. 2009;11:343–55. https://
doi.org/10.1007/s11307-009-0215-2.

25. Hong IK, Kim JH, Ra YS, Kwon DH, Oh SJ, Kim JS. Diagnostic
usefulness of 3′-deoxy-3′-[18F]fluorothymidine positron emission
tomography in recurrent brain tumor. J Comput Assist Tomogr.
2011;35:679–84. https://doi.org/10.1097/RCT.0b013e3182345b0e.

26. Laymon CM, Oborski MJ, Lee VK, Davis DK, Wiener EC,
Lieberman FS, et al. Combined imaging biomarkers for therapy
evaluation in glioblastoma multiforme: correlating sodium MRI
and F-18 FLT PET on a voxel-wise basis. Magn Reson Imaging.
2012;30:1268–78. https://doi.org/10.1016/j.mri.2012.05.011.

27. Enslow MS, Zollinger LV, Morton KA, Butterfield RI, Kadrmas
DJ, Christian PE, et al. Comparison of 18F-fluorodeoxyglucose
and 18F-fluorothymidine PET in differentiating radiation necrosis
from recurrent glioma. Clin Nucl Med. 2012;37:854–61. https://
doi.org/10.1097/RLU.0b013e318262c76a.

28. Shishido H, Kawai N, Miyake K, Yamamoto Y, Nishiyama Y,
Tamiya T. Diagnostic value of 11C-methionine (MET) and 18F-
Fluorothymidine (FLT) positron emission tomography in recurrent
high-grade gliomas; differentiation from treatment-induced tissue
necrosis. Cancers (Basel). 2012;4:244–56. https://doi.org/10.3390/
cancers4010244.

29. Wen PY, Macdonald DR, Reardon DA, Cloughesy TF, Sorensen
AG, Galanis E, et al. Updated response assessment criteria for high-
grade gliomas: Response Assessment in Neuro-Oncology Working
Group. J Clin Oncol. 2010;28:1963–72. https://doi.org/10.1200/
jco.2009.26.3541.

30. Chinot OL, Macdonald DR, Abrey LE, Zahlmann G, Kerloeguen
Y, Cloughesy TF. Response assessment criteria for glioblastoma:
practical adaptation and implementation in clinical trials of
antiangiogenic therapy. Curr Neurol Neurosci Rep. 2013;13:347.
https://doi.org/10.1007/s11910-013-0347-2.

31. Hutterer M, Hattingen E, Palm C, Proescholdt MA, Hau P. Current
standards and new concepts in MRI and PET response assessment

of antiangiogenic therapies in high-grade glioma patients. Neuro
Oncol. 2015;17:784–800. https://doi.org/10.1093/neuonc/nou322.

32. Nowosielski M, DiFranco MD, Putzer D, Seiz M, Recheis W,
Jacobs AH, et al. An intra-individual comparison of MRI, [18F]-
FETand [18F]-FLT PET in patients with high-grade gliomas. PLoS
One. 2014;9:e95830. https://doi.org/10.1371/journal.pone.
0095830.

33. Muzi M, Spence AM, O’Sullivan F, Mankoff DA, Wells JM,
Grierson JR, et al. Kinetic analysis of 3′-deoxy-3′-18F-
fluorothymidine in patients with gliomas. J Nucl Med. 2006;47:
1612–21.

34. Ullrich R, Backes H, Li H, Kracht L, Miletic H, Kesper K, et al.
Glioma proliferation as assessed by 3′-fluoro-3′-deoxy-L-thymidine
positron emission tomography in patients with newly diagnosed
high-grade glioma. Clin Cancer Res. 2008;14:2049–55. https://
doi.org/10.1158/1078-0432.ccr-07-1553.

35. Backes H, Ullrich R, Neumaier B, Kracht L, Wienhard K, Jacobs
AH. Noninvasive quantification of 18F-FLT human brain PET for
the assessment of tumour proliferation in patients with high-grade
glioma. Eur J Nucl Med Mol Imaging. 2009;36:1960–7. https://doi.
org/10.1007/s00259-009-1244-4.

36. Wardak M, Schiepers C, Dahlbom M, Cloughesy T, Chen W,
Satyamurthy N, et al . Discriminant analysis of 18F-
fluorothymidine kinetic parameters to predict survival in patients
with recurrent high-grade glioma. Clin Cancer Res. 2011;17:6553–
62. https://doi.org/10.1158/1078-0432.ccr-10-3290.

37. Lodge MA, Holdhoff M, Leal JP, Bag AK, Nabors LB, Mintz A, et
al. Repeatability of 18F-FLT PET in a multicenter study of patients
with high-grade glioma. J Nucl Med. 2017;58:393–8. https://doi.
org/10.2967/jnumed.116.178434.

38. Velasquez LM, Boellaard R, Kollia G, Hayes W, Hoekstra OS,
Lammertsma AA, et al. Repeatability of 18F-FDG PET in a multi-
center phase I study of patients with advanced gastrointestinal ma-
lignancies. J Nucl Med. 2009;50:1646–54. https://doi.org/10.2967/
jnumed.109.063347.

39. Price SJ, Fryer TD, Cleij MC, Dean AF, Joseph J, Salvador R, et al.
Imaging regional variation of cellular proliferation in gliomas using
3′-deoxy-3′-[18F]fluorothymidine positron-emission tomography:
an image-guided biopsy study. Clin Radiol. 2009;64:52–63.
https://doi.org/10.1016/j.crad.2008.01.016.

40. Schiepers C, Dahlbom M, Chen W, Cloughesy T, Czernin J, Phelps
ME, et al. Kinetics of 3′-deoxy-3′-18F-fluorothymidine during
treatment monitoring of recurrent high-grade glioma. J Nucl Med.
2010;51:720–7. https://doi.org/10.2967/jnumed.109.068361.

41. Idema AJ, Hoffmann AL, Boogaarts HD, Troost EG, Wesseling P,
Heerschap A, et al. 3′-Deoxy-3′-18F-fluorothymidine PET-derived
proliferative volume predicts overall survival in high-grade glioma
patients. J Nucl Med. 2012;53:1904–1910. https://doi.org/10.2967/
jnumed.112.105544.

42. Schwarzenberg J, Czernin J, Cloughesy TF, Ellingson BM, Pope
WB, Geist C, et al. 3′-deoxy-3′-18F-fluorothymidine PET and MRI
for early survival predictions in patients with recurrent malignant
glioma treated with bevacizumab. J Nucl Med. 2012;53:29–36.
https://doi.org/10.2967/jnumed.111.092387.

Eur J Nucl Med Mol Imaging

https://doi.org/10.1016/j.oraloncology.2009.07.008
https://doi.org/10.1007/s00259-008-0874-2
https://doi.org/10.1007/s00259-008-0874-2
https://doi.org/10.1007/s00259-009-1297-4
https://doi.org/10.1007/s00259-009-1297-4
https://doi.org/10.1007/s00259-014-2961-x
https://doi.org/10.1007/s11307-009-0215-2
https://doi.org/10.1007/s11307-009-0215-2
https://doi.org/10.1097/RCT.0b013e3182345b0e
https://doi.org/10.1016/j.mri.2012.05.011
https://doi.org/10.1097/RLU.0b013e318262c76a
https://doi.org/10.1097/RLU.0b013e318262c76a
https://doi.org/10.3390/cancers4010244
https://doi.org/10.3390/cancers4010244
https://doi.org/10.1200/jco.2009.26.3541
https://doi.org/10.1200/jco.2009.26.3541
https://doi.org/10.1007/s11910-013-0347-2
https://doi.org/10.1093/neuonc/nou322
https://doi.org/10.1371/journal.pone.0095830
https://doi.org/10.1371/journal.pone.0095830
https://doi.org/10.1158/1078-0432.ccr-07-1553
https://doi.org/10.1158/1078-0432.ccr-07-1553
https://doi.org/10.1007/s00259-009-1244-4
https://doi.org/10.1007/s00259-009-1244-4
https://doi.org/10.1158/1078-0432.ccr-10-3290
https://doi.org/10.2967/jnumed.116.178434
https://doi.org/10.2967/jnumed.116.178434
https://doi.org/10.2967/jnumed.109.063347
https://doi.org/10.2967/jnumed.109.063347
https://doi.org/10.1016/j.crad.2008.01.016
https://doi.org/10.2967/jnumed.109.068361
https://doi.org/10.2967/jnumed.112.105544
https://doi.org/10.2967/jnumed.112.105544
https://doi.org/10.2967/jnumed.111.092387

	Serial...
	Abstract
	Abstract


