
ORIGINAL ARTICLE

Diagnosis of pseudoprogression in patients with glioblastoma
using O-(2-[18F]fluoroethyl)-L-tyrosine PET

Norbert Galldiks & Veronika Dunkl & Gabriele Stoffels & Markus Hutterer & Marion Rapp &

Michael Sabel & Guido Reifenberger & Sied Kebir & Franziska Dorn & Tobias Blau &

Ulrich Herrlinger & Peter Hau &Maximilian I. Ruge &Martin Kocher &RolandGoldbrunner &

Gereon R. Fink & Alexander Drzezga & Matthias Schmidt & Karl-Josef Langen

Received: 29 August 2014 /Accepted: 3 November 2014 /Published online: 20 November 2014
# Springer-Verlag Berlin Heidelberg 2014

Abstract
Purpose The follow-up of glioblastoma patients after ra-
diochemotherapy with conventional MRI can be difficult
since reactive alterations to the blood–brain barrier with
contrast enhancement may mimic tumour progression (i.e.
pseudoprogression, PsP). The aim of this study was to
assess the clinical value of O-(2-18F-fluoroethyl)-L-tyro-
sine (18F-FET) PET in the differentiation of PsP and early
tumour progression (EP) after radiochemotherapy of
glioblastoma.

Methods A group of 22 glioblastoma patients with new
contrast-enhancing lesions or lesions showing increased en-
hancement (>25%) on standardMRI within the first 12 weeks
after completion of radiochemotherapy with concomitant tem-
ozolomide (median 7 weeks) were additionally examined
using amino acid PET with 18F-FET. Maximum and mean
tumour-to-brain ratios (TBRmax, TBRmean) were determined.
18F-FET uptake kinetic parameters (i.e. patterns of time–ac-
tivity curves, TAC) were also evaluated. Classification as PsP
or EP was based on the clinical course (no treatment change at
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least for 6 months), follow-up MR imaging and/or histopath-
ological findings. Imaging results were also related to overall
survival (OS).
Results PsPwas confirmed in 11 of the 22 patients. In patients
with PsP, 18F-FET uptake was significantly lower than in
patients with EP (TBRmax 1.9±0.4 vs. 2.8±0.5, TBRmean

1.8±0.2 vs. 2.3±0.3; both P<0.001) and presence of MGMT
promoter methylation was significantly more frequent (P=
0.05). Furthermore, a TAC type II or III was more frequently
present in patients with EP (P=0.04). Receiver operating
characteristic analysis showed that the optimal 18F-FET
TBRmax cut-off value for identifying PsP was 2.3 (sensitivity
100 %, specificity 91 %, accuracy 96 %, AUC 0.94±0.06;
P<0.001). Univariate survival analysis showed that a TBRmax

<2.3 predicted a significantly longer OS (median OS 23 vs.
12 months; P=0.046).
Conclusion 18F-FET PET may facilitate the diagnosis of PsP
following radiochemotherapy of glioblastoma.

Keywords Pseudoprogression . Tumour progression .

Glioblastoma . FET PET

Introduction

Within the first 12 weeks after completion of radiotherapy
(usually radiochemotherapy with concomitant temozolo-
mide), patients with a high-grade brain tumour can present
with an enlarged area of contrast enhancement on MRI,
followed by subsequent improvement or stabilization without
any change in treatment [1]. This phenomenon, which mimics
tumour progression, has been termed “pseudoprogression”
(PsP) and is a consequence of a subacute treatment-related
local tissue reaction which comprises inflammation, oedema
and increased permeability of the blood–brain barrier [2].
Importantly, PsP occurs with or without clinical deterioration,
even though in most patients PsP remains asymptomatic [3].
Interestingly, PsP seems to be associated with a better out-
come and is more common in patients whose tumour shows a
methylated O6-methylguanine DNA methyltransferase
(MGMT) gene promoter [4] and thus are more responsive to
temozolomide treatment [5]. The period of stabilization after
PsP typically ranges between 3 and 6 months [2], although
single cases with late onset of PsP followed by a prolonged
radiological improvement have been observed, especially af-
ter chemotherapy using temozolomide in combination with
lomustine [6]. Clinically, PsP is of considerable importance in
neurooncology since it occurs in 15–30 % of patients
with malignant glioma [3, 7], and in patients with
concomitant clinical deterioration a successful treatment
might be erroneously terminated with a potentially neg-
ative influence on survival.

After treatment, conventional MRI cannot reliably differ-
entiate tumour recurrence from PsP [3, 7]. Radiation necrosis,
tumour recurrence and PsP are able to cause a destabilization
of the blood–brain barrier, resulting in nonspecific contrast
enhancement on MRI. Furthermore, blood–brain barrier
breakdown may result from postoperative inflammation, sei-
zures, tumour recurrence or treatment effects.

In view of the described limitations of conventional MRI,
metabolic imaging may provide valuable information [8, 9].
In particular, PET with amino acid tracers seems to be partic-
ularly useful in detecting PsP, as amino acid uptake is in-
creased in tumour tissue but low or absent in areas of
radiation-induced change [10, 11]. The most widely used
tracer for amino acid PET is 11C-methyl-L-methionine (11C-
MET), but its use is limited to PET centres with a cyclotron
because of its short physical half-life (20 min) [12]. O-(2-18F-
Fluoroethyl)-L-tyrosine (18F-FET) is a well-established 18F-
labelled amino acid for PET (half-life 110 min) that shows
logistic advantages over 11C-MET in clinical practice [13].
Furthermore, differential 18F-FET uptake kinetics have
been observed in patients with high-grade and low-grade
glioma and this seems to be a special property of this
particular tracer, as similar features have not been observed
with 11C-MET [14].

Taking together the above considerations, we assessed the
diagnostic value of 18F-FET PET uptake ratios as well as 18F-
FET uptake kinetics for detection of PsP in patients with
glioblastoma, the most common type of malignant glioma.

Materials and methods

Patients and treatment

Included in this retrospective study were 22 consecutive pa-
tients with supratentorial glioblastoma treated from 2009 to
2012. The local ethics committee approved the evaluation of
retrospectively collected patient data. All patients exhibited a
new lesions or enlargement of contrast-enhancing lesions on
standard MRI (gadolinium-based contrast agent) within the
first 12 weeks after completion of radiotherapy with concom-
itant temozolomide. In order to differentiate between PsP and
early tumour progression (EP), standardMRI was followed by
18F-FET PET imaging after a median of 7 days. The patients
comprised 14 men and 8 women with a mean age of 56 years
(range 34–76 years). Open resection was performed in 21
patients, with 9 surgical interventions being rated as partial
resection and 12 as complete resection on early postoperative
MRI within 48 h. Due to proximity of the tumour to critical or
eloquent brain structures, one patient received diagnostic ste-
reotactic biopsy but no open resection. Surgery or biopsy was
followed by external fractionated radiotherapy (60 Gy) with
concomitant temozolomide (75 mg/m2 body surface area per
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day, 7 days per week from the first to the last day of radio-
therapy) and after a 4-week break adjuvant temozolomide
chemotherapy (150–200 mg/m2 body surface area over
5 days, repeated every 23 days, for six cycles) in accordance
with the design of EORTC trial 22981/26981 [15]. During
adjuvant temozolomide therapy, patients underwent a clinical
evaluation every 8–12 weeks. Following completion of adju-
vant temozolomide therapy, a clinical evaluation was per-
formed every 2–3 months in each patient.

Diagnosis of pseudoprogression and early tumour progression

The diagnosis of PsP or EP was based on the criteria defined
by Young et al. [7]. Lesions on the initial MRI scan that
worsened within the first 12 weeks after completion of radio-
chemotherapy were categorized as either EP or PsP based on
pathological analysis after repeated biopsy or resection when
available (in 11 patients). PsP was characterized by prominent
necrosis with no or minimal identifiable tumour remnants.
The presence of recurrent tumour confirmed EP.

If no repeat pathology was available (in 11 patients), the
clinical diagnosis of EP or PsP was reached via consensus of
two experienced neurooncologists based upon a complete
chart review and review of follow-up MR imaging. The
diagnosis of PsP was assumed if no change in treatment was
required for at least 6 months after the end of radiochemother-
apy. This definition allows a continued mild increase in the
worsening of enhancing lesions, as compared to the usual
decrease or stabilization, as long as no treatment change
occurred during this period. The diagnosis of EP was made
if imaging or clinical worsening prompted a change in treat-
ment. The classification was made without knowledge of the
patient’s MGMT promoter methylation status.

Histological tumour classification and analysis for MGMT
promoter methylation

All tumours were histologically classified as glioblastoma of
World Health Organization (WHO) grade IVaccording to the
WHO classification of tumours of the central nervous system
[16]. Tumour DNA extraction from formalin-fixed and
paraffin-embedded tissue samples was carried out with the
Qiagen blood and tissue DNA extraction kit (Qiagen, Hilden,
Germany). Only tissue samples containing vital glioblastoma
tissue with a histologically estimated tumour cell content of
80 % or more were used for DNA extraction. MGMT pro-
moter methylation was assessed using a methylation-specific
PCR as described elsewhere [17].

PET imaging with 18F-FET

All patients had given written informed consent to participa-
tion in the 18F-FET studies. The amino acid 18F-FET was

produced as described previously [18, 19]. According to the
German guidelines for brain tumour imaging using labelled
amino acid analogues, all patients fasted for at least 12 h
before PET scanning [20]. Dynamic PET studies were ac-
quired up to 50 min after intravenous injection of approxi-
mately 200 MBq 18F-FETon an ECAT EXACT HR+ scanner
(Siemens Medical Systems) in three-dimensional mode (32
rings, axial field of view 15.5 cm). The emission recording
consisted of 16 time frames (1–5, 1 min; 6–10, 3 min; and
11–16, 5 min) covering the period up to 50min after injection.
For attenuation correction, transmission was measured with
three 68Ge/68Ga rotating line sources. After correction for
random and scattered coincidences and dead time, 63 image
planes were iteratively reconstructed (OSEM, six iterations,
16 subsets) using the ECAT 7.2 software. The resolution of
the reconstructed images was approximately 5.5 mm.

PET data analysis

Tissue uptake was expressed as standardized uptake values
(SUV) by dividing the radioactivity (kilobecquerels per
millilitre) in the tissue by the radioactivity injected per gram
of body weight. PET and MR images were coregistered using
dedicated software (MPI tool version 6.48; ATV, Kerpen,
Germany). The fusion results were inspected and if necessary
adapted based on anatomical landmarks. The regions-of-
interest (ROI) analysis was based on the summed PET data
from 20 to 40 min after injection. The transaxial slices show-
ing the highest tracer accumulation in the tumours were cho-
sen for ROI analysis. The uptake in the unaffected brain tissue
was determined by a larger ROI placed on the contralateral
hemisphere in an area of normal-appearing brain tissue in-
cluding white and grey matter [20]. Mean amino acid uptake
in the tumour was determined using a two-dimensional
autocontouring process with a tumour-to-brain ratio (TBR)
of 1.6 as described previously [21]. For determination of
maximal amino acid uptake a circular ROI with a diameter
of 1.6 cm was centred on the maximal tumour uptake. If the
autocontouring process yielded a ROI with a diameter
<1.6 cm, a circular ROI with a diameter of 1.6 cmwas applied.
Mean and maximum TBRs (TBRmean, TBRmax) were calcu-
lated by dividing the mean SUVof these tumour ROIs by the
mean SUVof normal brain in the PET scan.

For 18F-FET PET, time–activity curves (TAC) of mean
SUV in the tumour and in the brain were generated by appli-
cation of a spherical volume of interest with a volume of 2 ml
centred on the maximal tumour uptake and a reference ROI in
the unaffected brain tissue (as described above) to the entire
dynamic dataset. Time-to-peak (TTP; time in minutes from
the beginning of the dynamic acquisition to the maximum
SUVof the lesion) was determined. Furthermore, as previous-
ly described [22, 23], the TACs of each lesion were assigned
to one of the following curve patterns: constantly increasing
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18F-FET uptake without identifiable peak uptake (pattern I);
18F-FET uptake peaking at a mid-point (>20–40 min) follow-
ed by a plateau or a small descent (pattern II); and 18F-FET
uptake peaking early (≤20 min) followed by a constant de-
scent (pattern III). The TACs were assigned to the various
curve patterns by three experienced raters (N.G., K.J.L., G.S.).

MR imaging

At initial diagnosis and during the course of disease, all
patients had a routine MRI scan using a 1.5-T MRI scanner
with a standard head coil before and after administration of a
gadolinium-based contrast agent (T1 , T2 and FLAIR se-
quence). In order to evaluate the extent of tumour resection,
an early postoperative MRI scan was performed within the
first 48 h. The presence of contrast enhancement was consid-
ered as a partial resection, and absence as complete resection.
The first follow-up MRI scan after radiochemotherapy was
performed not before 3–4 weeks and not later than 12 weeks
after completion of radiochemotherapy. During and after com-
pletion of adjuvant temozolomide therapy, patients underwent
a follow-up contrast-enhanced MRI scan every 8–12 weeks.

Definition of survival times

Overall survival time (OS) was defined as the interval from
date of initial surgery to date of death or, if the patients were
still alive, as the interval from date of initial surgery to date of
last contact.

Statistical analysis

Descriptive statistics are provided as means and standard
deviations or as medians and ranges. To compare clinical
conditions and amino acid PET parameters in patients with
PsP and EP, Student’s t test for independent samples was used.
TheWilcoxon test was usedwhen variables were not normally
distributed. Survival analyses were performed using the log-
rank test (univariate analysis) for OS (data presented as
medians).

The diagnostic performance of 18F-FET uptake as deter-
mined by TBRmax and TBRmean to identify PsP was assessed
by receiver operating characteristic (ROC) curve analysis
using the histological confirmation or clinical course as refer-
ence. Decision cut-off was considered optimal when the prod-
uct of paired values for sensitivity and specificity reached a
maximum. In addition, the areas under the ROC curves
(AUC) and their standard error and level of significance were
determined as a measure of diagnostic quality. The diagnostic
performance of 18F-FET TAC patterns in combination with
the corresponding TBRs was evaluated using the Fisher exact
test for 2×2 contingency tables. After assignment of the TACs
of 18F-FET uptake to the three curve patterns Cohen’s κ-test

was used to measure the degree of agreement among the raters
(N.G., K.J.L., G.S.); κ values between 0 and 0.20 were con-
sidered to indicate a positive but slight correlation, between
0.21 and 0.40 a fair correlation, between 0.41 and 0.60 a good
correlation, between 0.61 and 0.80 a very good correlation,
and greater than 0.80 an excellent correlation.

P values of 0.05 or less were considered significant. Sta-
tistical analyses were performed using SigmaPlot software
(SigmaPlot Version 11.0, Systat Software, San Jose,
CA) and PASW statistics software (release 22.0.0; SPSS,
Chicago, IL).

Results

Pseudoprogression and early progression

The first follow-up routine MRI scan after the end of radio-
chemotherapy was performed after a median of 7 weeks
(range 3–8 weeks, mean 6±2 weeks). At that time, MRI scans
in all 22 patients suggested tumour recurrence/progression.
PsP was confirmed in 11 of the 22 patients, i.e. a prevalence of
50 % in this particular patient group (Table 1). In 3 of the 11
patients with PsP (27 %), diagnosis was confirmed histolog-
ically. In 8 of the 11 patients (72 %) with EP, histological
analysis was obtained and confirmed recurrent glioblastoma
in each patient (Table 2). Significant group differences (PsP
vs. EP) regarding age (58±12 years vs. 53±9 years; P=0.29)
and extent of resection (complete vs. partial resection or
biopsy; P=0.16) were not observed. Representative patient
examples are presented in Figs. 1 and 2.

MGMT promoter methylation

Tumour specimens were available from 21 of the 22 patients
for MGMT promoter methylation analysis. Eight of the 21
patients (38 %) had tumours with a methylated MGMT pro-
moter and 13 had tumours without MGMT promoter methyl-
ation. In the group of patients with PsP, the presence of
MGMT promoter methylation was significantly higher than
in those with EP (P=0.05).

18F-FET tracer uptake and 18F-FET kinetics

TBRmax and TBRmean of
18F-FET uptake were significantly

higher in patients with EP than in patients with PsP (TBRmax

2.8±0.5 vs. 1.9±0.4,P<0.001; TBRmean 1.8±0.2 vs. 2.3±0.3,
P<0.001; Tables 1 and 2). In patients with EP, the mean TTP
was significantly shorter than in patients with PsP (mean TTP
26±10 vs. 35±9 min, P=0.05). Furthermore, a type II or III
kinetic pattern was more frequently present in patients with
EP (P=0.04). Detailed data on TTP and kinetic patterns in
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patients with PsP and EP are presented in Tables 1 and 2.
There was excellent interobserver agreement in the assign-
ment of TACs to the three curve patterns with a mean κ value
of 0.83±0.09 (range 0.78–0.93).

ROC analysis

The ROC analysis showed that the optimal 18F-FET TBRmax

cut-off value for identifying PsP was 2.3 (sensitivity 100 %,
specificity 91 %, accuracy 96 %, AUC 0.94±0.06; P<0.001).
The corresponding TBRmean cut-off value for identifying PsP
was 2.0 (sensitivity 82 %, specificity 82 %, accuracy 82 %,
AUC 0.91±0.06; P=0.001; Table 3). The combined analysis
of 18F-FET PET parameters (presence of TBRmax >2.3 in
combination with kinetic pattern II or III) best differentiated
EP from PsP with a sensitivity of 80 %, a specificity of 91 %
and an accuracy of 86 % (P=0.002). TBRmean >2.0 in com-
bination with kinetic pattern II or III yielded a sensitivity of
60 %, a specificity of 91 % and an accuracy of 76 % (P=
0.024; Table 3).

Survival

Patients with PsP demonstrated a significantly longer OS than
patients with EP (median OS 16 vs. 8 months; P=0.006). In
univariate survival analysis, the presence of TBRmax <2.3
predicted a significantly longer OS (median OS 23 vs.
12 months; P=0.046; Fig. 3).

Discussion

The finding of new or enlarging contrast-enhancing lesions on
standard MRI within the first 12 weeks after completion of
radiochemotherapy has limited diagnostic value in differenti-
ating PsP and EP in patients with glioblastoma. However, the
reliable differentiation of EP from PsP is crucial since PsP
spontaneously resolves without changing the standard treat-
ment and a correct diagnosis may prevent unnecessary and
potentially harmful change in treatment. On the other hand,
the reliable detection of tumour progression at an early stage is
essential for optimizing the treatment strategy in the individual
patient. Young et al. screened a cohort of 93 glioblastoma
patients for structural MRI findings that might be helpful for
differentiating between PsP and EP [7]. However, they failed
to identify such features in morphological MR scans that
could be of value in clinical routine. While subependymal
spread of the enhancing lesion seemed to be a useful MRI
marker in identifying EP, the sensitivity of this finding was
low (38 %). Therefore, a number of novel imaging methods
are currently under clinical evaluation seeking to overcome
the limitations of conventional MRI and to achieve reliable
differentiation of PsP and EP with high diagnostic accuracy.T

ab
le
1

G
lio

bl
as
to
m
a
pa
tie
nt
s
w
ith

ps
eu
do
pr
og
re
ss
io
n

Pa
tie
nt

G
en
de
r

A
ge

(y
ea
rs
)

E
xt
en
t

of
re
se
ct
io
n

M
G
M
T

pr
om

ot
er
st
at
us

E
nd

of
ra
di
oc
he
m
ot
he
ra
py

to
fi
rs
tf
ol
lo
w
-u
p
M
R
I

(w
ee
ks
)

Pr
og
re
ss
io
n-

fr
ee

su
rv
iv
al

(m
on
th
s)

O
ve
ra
ll
su
rv
iv
al

(m
on
th
s)

P
E
T

tr
ac
er

T
B
R
m
ax

T
B
R
m
ea
n

K
in
et
ic
pa
tte
rn

T
im

e
to
pe
ak

(m
in
)

C
on
fi
rm

at
io
n
of

ps
eu
do
pr
og
re
ss
io
n

1
F

71
P
ar
tia
l

M
et
hy
la
te
d

3
12

L
os
tt
o
fo
llo

w
-u
p

1
8
F-
FE

T
1.
5

1.
5

I
40

H
is
to
lo
gy

2
F

76
C
om

pl
et
e

M
et
hy
la
te
d

8
21

21
a

1
8
F-
FE

T
2.
2

1.
9

II
35

H
is
to
lo
gy

3
F

58
Pa
rt
ia
l

U
nm

et
hy
la
te
d

8
24

28
a

1
8
F-
FE

T
1.
7

1.
7

II
25

C
lin

ic
al
co
ur
se

4
F

59
C
om

pl
et
e

U
nm

et
hy
la
te
d

8
14

16
1
8
F-
FE

T
1.
6

1.
6

I
30

C
lin

ic
al
co
ur
se

5
M

63
C
om

pl
et
e

M
et
hy
la
te
d

8
9

20
1
8
F-
FE

T
1.
9

1.
9

I
45

C
lin

ic
al
co
ur
se

6
M

50
C
om

pl
et
e

U
nm

et
hy
la
te
d

4
16

23
1
8
F-
FE

T
2.
2

2.
0

I
45

C
lin

ic
al
co
ur
se

7
M

34
P
ar
tia
l

M
et
hy
la
te
d

8
17

a
17

a
1
8
F-
FE

T
1.
6

1.
6

I
45

C
lin

ic
al
co
ur
se

8
F

48
C
om

pl
et
e

N
ot

av
ai
la
bl
e

8
14

a
14

a
1
8
F-
FE

T
1.
7

1.
7

II
25

H
is
to
lo
gy

9
F

64
C
om

pl
et
e

M
et
hy
la
te
d

4
9a

9a
1
8
F-
FE

T
1.
5

1.
5

I
45

C
lin

ic
al
co
ur
se

10
M

70
C
om

pl
et
e

U
nm

et
hy
la
te
d

4
12

20
1
8
F-
FE

T
2.
7

2.
1

II
25

C
lin

ic
al
co
ur
se

11
M

48
C
om

pl
et
e

M
et
hy
la
te
d

4
22

23
a

1
8
F-
FE

T
2.
2

1.
9

II
25

C
lin

ic
al
co
ur
se

a
N
ot

re
ac
he
d,
pa
tie
nt

st
ill

fr
ee

of
pr
og
re
ss
io
n/
al
iv
e
at
th
e
tim

e
of

th
is
re
po
rt

Eur J Nucl Med Mol Imaging (2015) 42:685–695 689



T
ab

le
2

G
lio

bl
as
to
m
a
pa
tie
nt
s
w
ith

ea
rl
y
tu
m
ou
r
pr
og
re
ss
io
n
(p
ro
gr
es
si
on
-f
re
e
su
rv
iv
al
≤6

m
on
th
s)

Pa
tie
nt

G
en
de
r

A
ge

(y
ea
rs
)

E
xt
en
to

f
re
se
ct
io
n

M
G
M
T
pr
om

ot
er

st
at
us

E
nd

of
ra
di
oc
he
m
ot
he
ra
py

to
fi
rs
tf
ol
lo
w
-u
p

M
R
I
(w

ee
ks
)

Pr
og
re
ss
io
n-

fr
ee

su
rv
iv
al

(m
on
th
s)

O
ve
ra
ll

su
rv
iv
al

(m
on
th
s)

P
E
T

tr
ac
er

T
B
R
m
ax

T
B
R
m
ea
n

K
in
et
ic

pa
tte
rn

T
im

e
to

pe
ak

(m
in
)

C
on
fi
rm

at
io
n

of
ea
rl
y
tu
m
ou
r

pr
og
re
ss
io
n

T
re
at
m
en
t

of
ea
rl
y

pr
og
re
ss
io
n

1
F

42
Pa
rt
ia
l

U
nm

et
hy
la
te
d

6
4

21
a

1
8
F- F
E
-

T

2.
4

2.
4

N
ot

av
ai
la
bl
e

H
is
to
lo
gy

P
C

2
M

57
Pa
rt
ia
l

U
nm

et
hy
la
te
d

6
4

9
1
8
F- F
E
-

T

2.
4

2.
0

II
I

20
H
is
to
lo
gy

R
es
ec
tio

n,
T
M
Z

3
M

61
C
om

pl
et
e

U
nm

et
hy
la
te
d

4
5

L
os
tt
o

fo
llo

w
-u
p

1
8
F- F
E
-

T

3.
6

2.
2

I
40

H
is
to
lo
gy

R
es
ec
tio

n

4
M

52
Pa
rt
ia
l

U
nm

et
hy
la
te
d

4
5

12
1
8
F- F
E
-

T

2.
6

2.
6

II
30

H
is
to
lo
gy

R
es
ec
tio

n,
T
M
Z

5
M

59
Pa
rt
ia
l

U
nm

et
hy
la
te
d

8
6

12
1
8
F- F
E
-

T

2.
4

2.
3

II
25

H
is
to
lo
gy

R
es
ec
tio

n,
R
C
x,

T
M
Z

6
F

43
C
om

pl
et
e

U
nm

et
hy
la
te
d

8
5

16
a

1
8
F- F
E
-

T

2.
4

1.
9

II
30

C
lin

ic
al
co
ur
se

B
E
V

7
M

52
C
om

pl
et
e

U
nm

et
hy
la
te
d

7
5

12
a

1
8
F- F
E
-

T

2.
6

1.
9

II
30

C
lin

ic
al
co
ur
se

B
E
V

8
M

72
B
io
ps
y

on
ly

U
nm

et
hy
la
te
d

7
4

7
1
8
F- F
E
-

T

3.
6

2.
7

II
I

20
C
lin

ic
al
co
ur
se

C
C
N
U

9
M

51
Pa
rt
ia
l

M
et
hy
la
te
d

6
5

6a
1
8
F- F
E
-

T

3.
6

2.
7

II
I

8
H
is
to
lo
gy

R
es
ec
tio

n,
T
M
Z

10
M

44
C
om

pl
et
e

U
nm

et
hy
la
te
d

3
3

8a
1
8
F- F
E
-

T

2.
6

2.
0

I
40

H
is
to
lo
gy

R
es
ec
tio

n,
B
E
V

11
M

53
P
ar
tia
l

M
et
hy
la
te
d

8
5

12
1
8
F- F
E
-

T

2.
8

2.
1

II
I

20
H
is
to
lo
gy

R
es
ec
tio

n,
B
E
V

P
C
pr
oc
ar
ba
zi
ne

an
d
lo
m
us
tin

e,
TM

Z
te
m
oz
ol
om

id
e
15
0–
20
0
m
g/
m
bo
dy

su
rf
ac
e
ar
ea

ov
er
5
da
ys
,r
ep
ea
te
d
ev
er
y
23

da
ys
,R

C
x
ra
di
oc
he
m
ot
he
ra
py

w
ith

co
nc
om

ita
nt
te
m
oz
ol
om

id
e,
B
E
V
be
va
ci
zu
m
ab
,

C
C
N
U
lo
m
us
tin

e
a
N
ot

re
ac
he
d,
pa
tie
nt

st
ill

al
iv
e
at
th
e
tim

e
of

th
is
re
po
rt

690 Eur J Nucl Med Mol Imaging (2015) 42:685–695



PET studies using 18F-FET have been shown to provide
valuable information for the diagnostic assessment of cerebral
gliomas. 18F-FET PEToffers a more precise delineation of the
“true” extent of glioblastoma, i.e. the metabolically active
tumour, which is not limited to the area of blood–brain barrier
disruption and is more specific than the information provided
by conventional MRI alone [24]. Furthermore, 18F-FET PET
has been shown to be helpful for treatment monitoring [10, 25,
26], detection of malignant progression [23], prognostication
[27], differential diagnosis [21, 28], and the differentiation of
tumour recurrence and radiation-induced changes [10, 11, 29].
Therefore, there are reasonable grounds to believe that this
method may have potential to differentiate PsP from EP in
patients with glioblastoma.

The present study demonstrated that 18F-FET uptake TBRs
and also tracer kinetics provide valuable clinical information
for the differentiation of PsP from EP in glioblastoma patients
within the first 12 weeks after radiotherapy with concomitant
temozolomide, which could not be derived from conventional
MRI based on Response Assessment in Neuro-Oncology
criteria [1] (Figs. 1 and 2). ATBRmax threshold of 2.3 allowed
differentiation between PsP and EP with the highest diagnos-
tic accuracy of 96% (sensitivity 100%, specificity 91%). The
combined analysis of static and kinetic 18F-FET uptake
provided no further improvement in diagnostic accuracy.
A final decision concerning the additional value of static
and kinetic 18F-FET PET for the differentiation of PsP
from EP early after completion of radiochemotherapy

Fig. 1 PET and MR imaging in a 34-year-old glioblastoma patient
(patient 7, pseudoprogression group, MGMT promoter methylated)
24 h after resection, and 8 weeks and 16 months after completion of
radiochemotherapy (RCx). The early postoperative MR images (left)
show a small point-shaped residual contrast-enhancing tumour in the
right parietooccipital area (red arrow, diameter 5 mm). The follow-up
MRI images 8 weeks after completion of radiochemotherapy suggest
tumour progression (middle column, top image). In contrast, in the area

spatially corresponding to the enlarged contrast enhancement, the 18F-
FET PET image shows no metabolic active tumour. Dorsolateral to the
resection hole, slightly increased metabolic activity (TBRmax 1.6) with
18F-FET uptake kinetic pattern I is present. Follow-up MR images after
16 months show a slightly reduced contrast enhancement and FLAIR
signal alteration (right column). After a follow-up of 17 months without
any change in treatment, the patient was still alive, clinically stable and
free of tumour progression
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should be made after confirmation in a larger series of
patients.

It has to be considered that patients were admitted to our
department for the differentiation of EP from PsP from different
neighbouring university hospitals with the neurooncological
focus depending on the availability of a timely appointment
of 18F-FET PET and clinical need. Probably, referring centres
admitted mainly patients in whom the clinical findings and
MRI scan were particularly ambiguous. This possible selection
bias, however, does not present a drawback for the study
because 18FET PET will be considered as an additional tool
especially when the diagnosis is unclear on the basis of con-
ventional imaging.

Furthermore, the diagnostic impact of 18F-FET PET needs
to be compared with advanced MR imaging techniques such

as perfusion-weighted and diffusion-weighted imaging (PWI,
DWI) to differentiate EP from PsP [30–32]. Using DWI, the
apparent diffusion coefficient (ADC) values are higher in
areas of posttreatment change than in recurrent/progressive
tumour tissue because of the high cellularity of tumour tissue
[33]. Using PWI, the regional cerebral blood volume (rCBV),
which is assumed to reflect neovascularization and viable
tumour, can be determined [34]. Kong et al. reported that the
sensitivity and specificity of rCBV ratios at a certain threshold
for differentiating PsP from tumour progression are 82 % and
78 %, respectively [31]. In relation to the diagnostic accuracy
of 18F-FET PET of 96 % observed in this study, PWI appears
to be clearly inferior to amino acid PET. Using more sophis-
ticated evaluation methods, i.e. histogram analysis, the diag-
nostic performance of rCBV imaging can be slightly

Fig. 2 PET and MR imaging in a 51-year-old glioblastoma patient 24 h
after resection and 6 weeks after completion of radiochemotherapy (pa-
tient 9, early tumour progression group). The early postoperative MR
images (left column) show a residual contrast-enhancing lesion, consis-
tent with a partial tumour resection. The follow-up MRI images 6 weeks

after completion of radiochemotherapy suggest local tumour progression
(right column). In the spatially corresponding area, the 18F-FET PET
image shows a metabolically active tumour (TBRmax 3.6) with

18F-FET
uptake kinetic pattern III. The patient underwent surgery and the diagno-
sis of tumour progression was confirmed histologically
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increased (range of sensitivity 86–90 %, range of spec-
ificity 89–91 %) [35, 36]. A multiparametric approach
combining DWI, PWI and histogram analysis has yielded
a further improvement in specificity (100 %), albeit at a
lower sensitivity (82 %) [30]. A major limitation of
rCBV for evaluation of PsP is that treatment-related
inflammation also causes increased rCBV. In patients
with radiation-induced changes, e.g. radiation necrosis,
local inflammatory responses with infiltration of lympho-
cytes and macrophages may result in increased rCBV
[37]. On DWI, radiation-induced necrosis may also show
diffusion restriction, probably due to intracellular oedema
and viscous pus-like material with leucocyte infiltrates in
the transition zone [33]. Therefore, increased rCBV is
not necessarily associated with tumour angiogenesis,
and decreased ADC values do not always reflect high
cellularity.

Conclusion

In summary, our data suggest that 18F-FET PET in glioblas-
toma patients is a promising method for overcoming the
limitations of conventional MRI in differentiating PsP from
EP. In future studies, the additive diagnostic value of both
amino acid PET and advanced MRI techniques should be
investigated in order to achieve the best diagnostic accuracy
in this crucial clinical problem. The detection of tumour
progression at an early stage is essential to optimize the
treatment strategy in each individual patient. In order to pro-
vide the optimal diagnostic approach to the individual pa-
tients, multimodal imaging trials should be implemented on
the basis of reader-independent image analysis and carried out
as multicentre trials. From these trials, surrogate imaging
parameters should be derived that can then be used in routine
clinical practice.

Table 3 Diagnostic performance of imaging parameters at their best threshold (TBRmax 2.3, TBRmean 2.0) for differentiating pseudoprogression from
early progression

Diagnostic performance TBRmax TBRmean Combined analysisa New occurrence/increase >25 %
of contrast enhancement on MRI

TBRmax TBRmean

Sensitivity (%) 100 (95 % CI 89–100) 82 (95 % CI 70–94 %) 80 60 100

Specificity (%) 91 (95 % CI 80–100) 82 (95 % CI 70–94 %) 91 91 –

Accuracy (%) 96 82 86 76 54

AUC±standard error 0.94±0.06 (0.83–1) 0.90±0.07 (0.80–1) Not available Not available Not available

P value < 0.001 0.001 0.002 0.024 Not available

a TBRmax 2.3 or TBRmean 2.0 in combination with kinetic pattern II or III

Fig. 3 Univariate survival
analysis, TBRmax <2.3 (patients
withpseudoprogression) predicts
a significantly longer OS (median
OS 23 vs. 12 months; P=0.046)
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