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Abstract The aim of the present study is to determine new

positron emission tomography (PET) imaging-related fac-

tors predictive of progression-free survival as well as sur-

vival in patients with recurrent malignant glioma (MG) prior

to and after re-irradiation. Fifty-six patients with recurrent

MG who underwent re-irradiation treatment and prethera-

peutic dynamic [18F]-fluoroethyl-L-tyrosine (FET)–PET

scan were retrospectively analyzed. The prognostic value of

different parameters, such as biological tumor volume,

maximal tumor uptake (SUVmax/BG), mean tumor uptake

(SUVmean/BG), as well as uptake kinetics, was evaluated.

[18F]FET uptake kinetics was classified according to a five-

point rating as category G1–2 (strongly/mainly increasing

kinetics), G3 (mixed 1:1), or G4–5 (mainly/strongly

decreasing kinetics). Patients within the pretherapeutic

kinetic group G4–5 had significantly worse survival than the

other two groups (p = 0.01). Multivariate analysis revealed

that histologic grade, Karnofsky Performance Score (KPS),

and kinetic group were independent significant predictors for

survival after re-irradiation. The uptake kinetics of

[18F]FET–PET is an independent determinant of overall and

to a lesser extent also progression-free survival. Thus,

[18F]FET–PET kinetics may provide valuable additional

prognostic information for treatment decisions.

Keywords [18F]FET–PET � Re-irradiation � Malignant

glioma � Prognostic factor � Kinetics

Introduction

The prognosis of patients with high-grade glioma is limited

by a high rate of local failure [1]. Although addition of

temozolomide (TMZ) increases local control and survival,

72.8 % of patients still die within 24 months [2].

In selected patients, a second course of radiotherapy rep-

resents a reasonable treatment option [3, 4], whereas besides

molecular markers [5, 6] several imaging-related markers

may also provide information to personalize the correspond-

ing treatment approach: Conventional magnetic resonance

imaging (MRI) mainly provides information on the size and

localization of the tumor and delineates secondary phenomena

such as hemorrhage, edema, and mass effect; positron emis-

sion tomography (PET) with diverse radiolabeled compounds

has been proposed to characterize the tumor at metabolic and

molecular level [7]. PET studies using [18F]-fluorodeoxyglu-

cose (FDG), which is widely used in oncology settings, have
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been performed for gliomas as well, e.g., for estimation of

patient prognosis and treatment response evaluation [8, 9].

Due to their higher tumor-to-brain contrast, use of amino acid

analogs, especially [18F]FET which does not require an on-site

cyclotron, has attracted increasing interest.

At present, the clinical value of [18F]FET–PET in the

context of human glioma has been documented for the

following situations: improved planning of surgery, biopsy

guidance, and radiation therapy [10, 11], treatment response

[12], as well as differentiation of tumor recurrence from

unspecific posttherapeutic tissue changes [13, 14]. Only a

few studies have investigated the value of [18F]FET–PET as

a predictive or prognostic marker [12, 15–17]. Thus, the aim

of the current study is to evaluate the prognostic value of

dynamic [18F]FET–PET, when performed prior to and after

a second irradiation in patients suffering from malignant

glioma recurrence.

Patients and methods

Patient selection

All patients re-irradiated for recurrent malignant glioma (MG)

at the Department of Radiation Oncology, University Hospital

Munich from 5/2004 until 5/2011 were identified using the

department database. Re-irradiation was only performed in

patients with macroscopic tumor in the brain (MRI proven), if

recurrence was proven by biopsy/surgery (61 %), or definitely

by Revised Assessment in Neuro-Oncology (RANO) criteria

and previous radiotherapy was[0.5 years ago. Only patients

with initially available [18F]FET–PET were analyzed. Alto-

gether, 56 patients were identified.

Treatment follow-up

Baseline evaluation included gadolinium-enhanced brain MRI

as well as [18F]FET–PET examination, complete physical and

neurological examination, as well as blood tests before treat-

ment. Treatment outcome was evaluated on a regular basis by

brain MRI every 3 months, [18F]FET–PET (only in 67.9 % of

patients), and RANO criteria for neurological status.

[18F]FET–PET image acquisition and evaluation

PET data were acquired with a Siemens ECAT EXACT

HR? scanner. After a 15-min transmission scan (68Ge sour-

ces), approximately 180 MBq [18F]FET was injected intrave-

nously. Dynamic acquisition was performed from 0 to 40 min

postinjection (128 9 128 matrix, 3D acquisition). Images were

reconstructed by filtered backprojection using a Hann filter and

were corrected for scatter and attenuation. Data were trans-

ferred to a HERMES workstation (Hermes Medical Solutions,

Sweden). For quantitative evaluation, the maximal/mean

tumoral [18F]FET uptake (SUVmax and SUVmean) was deter-

mined from a sum image (20–40 min p.i.) and corrected for the

mean background (BG) uptake of a large region of interest

(ROI) placed in the contralateral hemisphere (ratios SUVmax/

BG, SUVmean/BG). Biological tumor volume (BTV) was

assessed by means of a semiautomatic threshold-based calcu-

lation of a volume of interest (VOI; SUV/BG C1.8).

To extract time–activity curves (TACs) for each individual

slice with suspicious [18F]FET uptake, 90 % isocontour

threshold ROIs were defined on a summed image (10–30 min

p.i.) and applied to the dynamic PET data (Fig. 1). According

to the kinetic analysis, the lesions were classified into the

following five groups: (1) homogeneously increasing TACs,

(2) predominantly increasing TACs, (3) 50 % increasing and

50 % decreasing TACs, (4) predominantly decreasing TACs,

and (5) homogeneously decreasing TACs.

Radiotherapy and treatment schedule

Radiotherapy was performed as described before in detail

[18]. In brief, the planning target volume (PTV) was typi-

cally defined as gross tumor volume (GTV) ? 10 mm

(GTV normally not exceeding 5 cm in diameter); a dose of

36 Gy in 2-Gy single fractions was applied. Whenever

bevacizumab was administered, patients received 10 mg/kg

on days 1 and 15 during radiotherapy (RT). Maintenance

therapy was selected based on individual considerations,

and mainly bevacizumab-containing regimens were chosen.

Statistics

We performed all analyses using the Statistical Package for

Social Sciences (SPSS version 19.0; SPSS Inc., Chicago, IL).

Outcome measures of this study were (postrecurrence) survival

(measured from the first day of re-irradiation until death or last

follow-up) and progression-free survival. Demographic data as

well as treatment response were analyzed using descriptive

statistics (including pre- and posttherapeutic SUVmax/BG,

SUVmean/BG, biological tumor volume, and kinetics). Com-

parative analysis was performed using the paired Wilcoxon

signed-rank test. Survival analyses were based on Kaplan–

Meier estimates; uni- and multivariate modeling were per-

formed using Cox proportional-hazards analyses. Two-tailed

p value B0.05 was considered significant.

Results

Patient characteristics

The patients’ baseline characteristics are listed in Table 1.

Fifty-six patients with malignant glioma were included in
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this retrospective analysis; median age was 50 years (range

18–68 years), and 33.9 % of patients were younger than

60 years.

Median radiotherapy dose of re-irradiation was 36 Gy in

2-Gy single fractions; the major part of this patient popu-

lation had undergone resection prior to initial radiotherapy

(80.4 %). The male-to-female ratio was 1.5:1, and 76.8 %

of the patients were shown to suffer from glioblastoma

WHO grade IV at recurrence. Median pretherapeutic

Karnofsky Performance Score (KPS) of this patient popu-

lation was 80 (range 50–100), and 73.2 % of patients had

KPS C70. O(6)-Methylguanine-DNA methyltransferase

(MGMT) methylation status was available in 47 cases

(83.9 %), being unmethylated in 26 of them (46.4 % of the

entire cohort). Median follow-up time was 209 days

including dead and censored patients (range 5–715 days).

Descriptive statistics

Concerning PET analysis, all 56 patients had received one

pretherapeutic [18F]FET–PET examination and 38 patients

had received PET imaging as early follow-up modality (after

median 2 months, interquartile range 1–3 months, and in one

case up to 12 months). Of the patients, 53.6 % had decreasing

kinetics (4–5), 25 % an intermediate profile (3), and 21.4 %

increasing kinetics (1–2). Median pretherapeutic SUVmax/BG

was 3.3 (SUVmean/BG 2.2). After the end of re-irradiation, the

first follow-up examination revealed a median SUVmax/BG of

2.6 (SUVmean/BG 2.3). The median pretherapeutic BTV was

13.7 cc, and the median posttherapeutic BTV was 7.3 cc.

Comparative analysis

Using the Wilcoxon signed-rank test, a significant decrease of

both SUVmax/BG (p \ 0.001) and BTV (p = 0.006) was

found after re-irradiation, whereas the therapy-related change

of SUVmean/BG did not reach significance (p = 0.13).

Survival and univariate analysis

Median survival of the entire patient cohort was 270 days,

and median progression-free survival (PFS) was 204 days.

Fig. 1 Two clinical examples for decreasing (upper panel) and increasing (lower panel) kinetics; a, b, c correspond to MRI, FET–PET, and

TAC
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The following factors were included in univariate testing:

age, sex, previous initial surgery, WHO grade at relapse,

MGMT methylation status, KPS, BTV, SUVmax/BG and

SUVmean/BG (pre- and posttherapeutic), different ratios

(BTV post- and pretherapeutic, SUVmax/BG post- and pre-

therapeutic), kinetics (G1–2, G3, G4–5), use of bevacizumab,

and uni- versus multifocal recurrence.

Endpoints were survival after re-irradiation and PFS. The

overall results are presented in Table 2. Several variables

were tested as both nominal and continuous, such as SUV-

max/BG pre re-RT (\3.3; C3.3), BTV pre re-RT (\13.7;

C13.7 cc), and different post-/pretherapeutic ratios, with

the median values as threshold parameters.

No significant results were derived for age, sex, previous

surgery, MGMT methylation status, BTV, posttherapeutic

kinetics, SUVmax/BG and SUVmean/BG (pre- and post-

therapeutic), bevacizumab, and all associated categories/

ratios as well as continuous versions (for both PFS and

survival). Significant univariate factors for PFS after re-

irradiation were WHO grade at relapse (p = 0.04) and KPS

(p = 0.04). Median PFS was shorter for patients with

WHO grade III compared with grade IV (145 versus

211 days). Median PFS for patients with KPS \70 was

169 days and 211 days for KPS C70 (Fig. 2a). Prethera-

peutic kinetics G1–2 revealed median PFS of 234 days,

kinetics G3 showed 236 days, and G4–5 showed 169 days

(p = 0.14) (Fig. 3a).

Concerning survival, the factors WHO grade (p =

0.009), KPS (p = 0.01), and pretherapeutic kinetics

(p = 0.01) were significant prognostic factors. Median sur-

vival for WHO grade III patients was 229 versus 298 days

(grade IV). Patients with KPS \70 survived 189 days

compared with 308 days for KPS C70 (Fig. 2b). For kinet-

ics, G1–2 revealed a median survival of 352 days, kinetics G3

showed 298 days, and G4–5 showed 214 days (Fig. 3b).

Multivariate analysis

On multivariate analysis, the factors WHO grade, KPS,

kinetics, MGMT methylation status, and use of bev-

acizumab were included (see also Table 2). For PFS, no

significant independent prognostic factors could be deter-

mined. For survival, KPS, kinetics, and WHO grade turned

out to be significant independent prognostic factors. The

hazard ratios were 6.29 for WHO grade [95 % confidence

interval (CI) 1.65–23.94, p = 0.007], 5.79 for KPS

(95 %CI 1.82–18.43, p = 0.003), and 2.64 for kinetics

(95 %CI 1.28–5.43, p = 0.008).

Discussion

Metabolic imaging with radiolabeled amino acids has

gained increasing importance for diagnostics of glioma.

Additional kinetic analysis of dynamic [18F]FET–PET was

shown to enable delineation of the most malignant tumor parts

within heterogeneous gliomas and to be highly superior to

conventional [18F]FET–PET analysis for differentiation

between low- and high-grade glioma: although the patho-

physiological mechanisms are not yet clarified, less aggressive

Table 1 Patient characteristics, N = 56

Characteristic Patients

(N = 56)

Sex

Male 34 (60.7 %)

Female 22 (39.3 %)

Median age (years) 50 (18–68)

Median KPS 80 (50–100)

KPS \70 14 (25.0 %)

KPS C70 41 (73.2 %)

Missing 1 (1.8 %)

Median dose of primary radiotherapy 60 Gy

Median dose of re-irradiation 36 Gy

Bevacizumab 43 (76.8 %)

No bevacizumab 13 (23.2 %)

MGMT methylation status

Methylated 21 (37.5 %)

Not methylated 26 (46.4 %)

Unknown 9 (16.1 %)

WHO grade at relapse

III 13 (23.2 %)

IV 43 (76.8 %)

Resection

Yes 45 (80.4 %,

one only at

relapse)

No 11 (19.6 %)

Kinetics pre re-RT Median 4

G1–2 12 (21.4 %)

G3 14 (25.0 %)

G4–5 30 (53.6 %)

Foci

1 44 (78.6 %)

2 8 (14.3 %)

3 3 (5.3 %)

4 1 (1.8 %)

Median volume SUVmax/BG 1.8 pre re-RT 13.7 cc

Median volume SUVmax/BG 1.8 post re-RT 7.3 cc

Median SUVmax/BG pre re-RT 3.3

Median SUVmax/BG post re-RT 2.6

Median SUVmean/BG pre re-RT 2.2

Median SUVmean/BG post re-RT 2.3

MGMT O(6)-methylguanine-DNA methyltransferase, WHO World

Health Organization
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Table 2 Univariate analysis

(log-rank test) of influence on

survival and PFS, only

pretherapeutic dataset;

additionally multivariate Cox

proportional-hazards analysis of

influence on survival (model

parameters) and PFS

N = 56

ns not significant, meth
methylated, HR hazard ratio, re-
RT re-irradiation

Variable Univariate p value,

survival/PFS

Multivariate p value,

survival/PFS

HR

survival/

PFS

Age (\60, C60 years) ns (0.89/0.75) – –

KPS (\70, C70) 0.01/0.04 0.003/0.12 5.79/2.09

Surgery (yes/no) ns (0.10/0.36) – –

MGMT (meth/not meth) ns (0.54/0.10) ns (0.58/0.21) 1.34/0.60

WHO grade at relapse (III/IV) 0.009/0.04 0.007/0.13 6.29/2.03

SUVmax/BG pre re-RT (\3.3; C3.3) ns (0.68/0.40) – –

Volume SUVmax/BG 1.8 pre re-RT

(\13.7; C13.7 cc)

ns (0.47/0.77) – –

Kinetics (G1–2, G3, G4–5) 0.01/0.14 0.008/0.44 2.64/1.24

Sex (male, female) ns (0.12/0.14) –

Uni- vs. multifocal (1, [1) ns (0.22/0.14) – –

Bevacizumab ns (0.22/0.15) ns (0.53/0.16) 1.48/2.03

KPS 70KPS 70

KPS < 70

KPS < 70

p = 0.04 p = 0.01

(a) (b)

Fig. 2 a Kaplan–Meier estimates for PFS of the entire patient cohort for the two categories of KPS, p value derived by log-rank test. b Kaplan–

Meier estimates for survival of the entire patient cohort for the two categories of KPS, p value derived by log-rank test

G1-2

G3

G4-5

p = 0.01

G1-2

G3

G4-5

p = 0.14

(a) (b)

Fig. 3 a Kaplan–Meier estimates for PFS of the entire patient cohort for different kinetic profiles, p value derived by log-rank test. b Kaplan–

Meier estimates for survival of the entire patient cohort for different kinetic profiles, p value derived by log-rank test
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low-grade tumor tissue seems to be characterized by continu-

ously increasing TACs in dynamic analysis, whereas aggres-

sive high-grade tumor tissue typically exhibits decreasing

TACs. In this regard, additional analysis of [18F]FET kinetics

might in the same way provide valuable information on pre- and

posttherapeutic tumor aggressiveness.

In this study, we aimed to investigate the value of dynamic

[18F]FET–PET in patients with re-irradiated malignant gli-

oma in order to identify a new predictive tool. Our data

suggest that patients with lower KPS (\70) at the time of re-

irradiation exhibited significantly earlier tumor progression

and had shorter posttreatment survival than those with higher

KPS. Interestingly, patients with WHO grade IV tumors had

significantly longer PFS and survival after re-irradiation

compared with patients with WHO grade III tumors. This

might be explained by the fact that time from diagnosis to re-

irradiation was much longer for patients with WHO grade III

tumors and the pretreatment was much heavier than for

patients with WHO grade IV tumors. This phenomenon has

already been observed in our previous study on re-irradiation

with or without bevacizumab [18]. Another reason and

potential bias is the fact that some of the grade III tumors

could have been glioblastoma multiforme (GBM) at recur-

rence, as they were only diagnosed by RANO criteria.

In the [18F]FET–PET evaluation, none of the conventional

values (SUVmax/BG, SUVmean/BG, and BTV) correlated with

PFS or survival after re-irradiation. Although SUVmax/BG and

BTV decreased significantly after re-irradiation, neither pre-

and posttherapeutic parameters nor the pre-/posttherapeutic

ratio showed significant influence on PFS or survival in this

cohort. Due to the retrospective study design, posttherapeutic

PET scans were not performed systematically, resulting in

varying posttherapeutic scanning time (interquartile range

1–3 months after re-irradiation). Previous studies investigat-

ing assessment of treatment response by [18F]FET–PET

suggested an early timeframe (7–10 days) after completion of

radiochemotherapy as optimal for evaluation [16, 19], so that

the later scans might have confounded the prognostic influ-

ence of posttherapeutic PET.

The main finding of the present study is that only kinetic

analysis at the time of re-irradiation revealed an independent

prognostic result for survival (p = 0.001) and PFS (mar-

ginally significant): patients with increasing TACs prior to

re-irradiation had significantly longer survival compared

with those with decreasing TACs. Hence, one could assume

that recurrent tumor lesions with mainly increasing TACs

might be less aggressive, potentially determining the clinical

course and influencing the treatment response.

Interestingly, our data revealed that kinetic analysis lost

its prognostic value after re-irradiation. The most probable

explanation might be the utilization of antiangiogenic med-

ication (bevacizumab) in the majority of patients, which

could have substantially influenced the tracer washout, e.g.,

by regionally decreased blood flow [20], and therefore might

confound the reliability of kinetic analyses after antiangio-

genic therapy. Further studies on kinetic changes after anti-

angiogenic therapy are warranted to better interpret kinetic

findings after bevacizumab treatment. The true benefit of

kinetics in clinical practice might consist of identifying

patient groups who would profit most from re-irradiation.

Conclusions

In patients with recurrent malignant glioma considered for

re-irradiation, conventional [18F]FET–PET analysis does

not provide any prognostic value for PFS or posttreatment

survival. Kinetic analysis, however, reveals a significantly

better outcome for patients with initially increasing time–

activity curves (pretherapeutic but not posttherapeutic).

Identification of patients with better prognosis by

dynamic [18F]FET–PET acquisition is important, as they

might profit most from re-irradiation therapy.

Conflict of interest The authors declare that conflicts of interest do

not exist.
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