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RTOG/ECOG	  	  (1978-‐1990)*	   EORTC	  26981	  
(2005,	  2009)**	  

Cirugía	   50	  Gy	   55	  Gy	   60	  Gy	   60	  Gy	   60	  Gy	  +	  TMZ	  
Median	  
OS	  (m)	   3.5	   6.5	   8.5	   10	   12.1	   14.6	  

Cirugía	   +RT	   +QT	  

*Walker,	  1978,	  1979,	  Leibel	  &	  Sheline	  1990	  
**	  Stupp	  NEJM	  2005,	  Lancet	  2009	  

40	  años	  de	  tratamiento	  del	  GAG	  



¿Qué volumen parcial cerebral? 

¿Volumen	  holocraneal	  vs	  volumen	  parcial?	  

Volumen	  parcial	  



80%	  recurrencias	  
dentro	  de	  los	  2	  cm	  



RT	  Dose	   Vol.	  DefiniOon	   Source	  of	  data	  
	  
	  
46	  Gy	  

GTV1:	  T2	  FLAIR	  
CTV1:	  T2	  +	  2-‐2.5cm	  
PTV1:	  CTV1+0.3-‐0.5cm	  

RTOG	  	  
	  
14	  Gy	  

GTV2:	  T1	  
CTV2:	  T1	  +	  2cm	  
PTV2:	  CTV2	  +	  0.3-‐0.5cm	  	  

	  
	  
60	  Gy	  

GTV:	  T1	  
CTV:	  T1	  +	  2-‐3	  cm	  
PTV:	  CTV	  +	  0.5cm	  

EORTC	  

	  
50	  Gy	  

GTV1:	  T2	  FLAIR	  
PTV1:	  T2	  +	  2	  cm	  

NCCTG	  	  
10	  Gy	  

GTV2:	  T1	  
PTV2T1	  +	  2	  cm	  

	  
	  
46	  Gy	  

GTV1:	  T2	  FLAIR	  
CTV1:	  T2	  +	  1cm	  
PTV1:	  CTV1+0.5cm	  

Adult	  Brain	  Tumor	  
ConsorOum	  	  
(ABTC)	  	  

14	  Gy	  

GTV2:	  T1	  
CTV2:	  T1	  +	  1cm	  
PTV2:	  CTV2	  +	  0.5cm	  	  



T1 T1 1-2cm 

PTV2 14 Gy 

T2 

PTV1 46 Gy 

2cm 
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Adult	  Brain	  Tumor	  ConsorOum	  guidelines	  (ABTC)	  

demonstrate patterns of failure consistent with previous
series of patients treated with 2–3 cm margins.

Materials and methods
Selection of patients
This retrospective study was approved by the University
of Alabama at Birmingham (UAB) Institutional Review
Board. The records of all patients treated for GBM at
UAB between April 2000 and November 2011 were retro-
spectively assessed. This review included only patients
with biopsy-proven GBM who suffered documented dis-
ease progression following treatment with radiation ther-
apy and concurrent temozolomide. Adequate imaging
prior to treatment, radiation dosimetry records, and radio-
graphic assessment at failure were available for all patients
included in this review.

Treatment
All patients were treated at UAB according to the ABTC
guidelines for radiation oncology. The most recent
version of these guidelines is shown in Table 1. The pre-
scribed dose varied minimally and generally was 46 Gy
to an initial gross tumor volume (GTV) encompassing
the primary tumor and surrounding edema on post-
operative T2 or FLAIR MRI. This was expanded by
5 mm and then edited to conform to anatomic barriers
to tumor spread in order to create the initial clinical
target volume (CTV). The CTV was expanded an add-
itional 5 mm to generate the initial planning target vol-
ume (PTV). The boost GTV was defined as the residual
T1 contrast-enhancing tumor plus resection cavity and
was expanded in similar fashion. The boost PTV was
prescribed an additional 14 Gy, and the total dose to the
boost volume was 60 Gy delivered in daily fractions of
2 Gy. The dose-reference point was the International
Commission on Radiation Units (ICRU) reference point,
usually the isocenter located in the center of the boost
volume. Radiotherapy plans were normalized so the 95%
isodose line encompassed the PTV completely.
Patients were followed with serial MRI scans at 1 month

post-radiation and then at 2-month intervals. Typical
imaging sequences included pre- and post-contrast T1,
T2, and FLAIR. Newer techniques including perfusion,

diffusion, and MR spectroscopy were used in follow-up of
many patients beginning in 2005. Because of the possibility
of post-radiation imaging changes or pseudo-progression,
an imaging or clinical change developing after radiation in
the absence of recurrent tumor, changes at the first follow-
up scan were managed conservatively with observation or a
trial of steroids. Patients outside of this time frame or re-
fractory to steroid therapy were generally considered to
have progressive disease, and additional treatment was at
the discretion of the treating physician.

Analysis
The determination of disease progression was made by
the treating physician with the help of the UAB Central
Nervous System (CNS) multidisciplinary tumor board
based upon clinical and radiographic changes. MRI scans
documenting failure after concurrent temozolomide and
radiation were fused to the original treatment planning
CT scans electronically using the ECLIPSE treatment
planning system (Varian Medical Systems, Palo Alto,
CA, USA). In order to reduce bias, the recurrent tumor
volumes were generated by contouring the contrast-
enhancing abnormalities on the MRIs prior to fusion
with the isodose curves of the treatment plan. The re-
current tumors were analyzed to determine the volume
of recurrent tumor present within the 95% isodose line
of the boost plan of the completed treatment. The recur-
rent tumors were classified as “in-field” if >80% of the
T1-enhancing tumor volume was covered by the 95%
isodose line, “marginal” if >20 but ≤80% of the tumor
volume was within the 95% isodose line, or distant in
<20% of the tumor volume was located within the 95%
isodose line. In cases of multiple discrete sites of failure,
each lesion was independently analyzed relative to the
95% isodose line. Follow-up time was calculated from
the date of pathological diagnosis of GBM until the most
recent follow-up visit with imaging.

Statistics
The Kaplan-Meier method was used to estimate the
rates of time to progression. Associations of patient
factors with time to progression were assessed with the
log-rank test. Statistical significance was determined at
the 5% level. Analyses were conducted using SPSS,
version 21.

Results
Patient characteristics
Ninety-five cases of recurrent GBM initially treated with
concurrent temozolomide and radiation therapy between
April 2000 and November 2011 with adequate imaging
at time of failure and sufficient data for reconstruction
of radiation dose distributions were identified and in-
cluded in the analysis. Of the 90 patients for which

Table 1 ABTC guidelines for target definition
Target volume Definition

GTV1 T1 enhancing and non-enhancing tumor volume
(T2 or FLAIR)

GTV2 T1 enhancing tumor volume

CTV1;2 GTV plus a margin of 5 mm

PTV1;2 CTV plus a margin of 3–5 mm

Note: GTV volume is based on postoperative day 0–1 MRI. GTV, Gross Tumor
Volume; CTV, Clinical Target Volume; PTV, planning target volume; ABTC, Adult
Brain Tumors Consortium.

Gebhardt et al. Radiation Oncology 2014, 9:130 Page 2 of 6
http://www.ro-journal.com/content/9/1/130

In-‐field:	  >80%	  of	  the	  T1-‐enhancing	  tumor	  volume	  was	  
covered	  by	  the	  95%	  isodose	  line	  
Marginal:	  >20	  but	  ≤80%	  of	  the	  tumor	  volume	  was	  
within	  the	  95%	  isodose	  line	  
Distant:	  <20%	  of	  the	  tumor	  volume	  was	  located	  within	  
the	  95%	  isodose	  line	  



RT:	  80-‐90%	  de	  las	  recurrencias	  
son	  dentro	  de	  las	  dosis	  altas	  

de	  RT	  (60	  Gy)	  
independientemente	  de	  los	  

márgenes	  

RT/TMZ:	  Pacientes	  con	  
MGMT-‐met	  kenen	  más	  
recurrencias	  marginales	  y	  

distales	  

¿Dosis	  de	  RT	  
insuficientes?	  

¿Delimitación	  de	  los	  
volúmenes	  target?	  



11C-‐methionine	  	  
(MET)	  

18F-‐fluorodeoxyglucose	  	  
(FDG)	  

18F-‐fluoroethyl-‐L-‐tyrosine	  	  
(FET)	  



18F-‐fluorothymidine	  (FLT),	  which	  is	  
known	  to	  be	  ackvely	  taken	  up	  into	  
dividing	  cells,	  has	  an	  excellent	  
contrast-‐to-‐background	  rako[30],	  
and	  studies	  measuring	  FLT	  uptake	  
have	  shown	  that	  it	  associates	  well	  
with	  kssue	  markers	  of	  proliferakon.	  
However,	  even	  if	  areas	  of	  
abnormality	  are	  larger	  than	  those	  
visualized	  on	  MRI	  when	  using	  
image-‐guided	  biopsies,	  it	  has	  also	  
been	  shown	  that	  FLT	  could	  
undereskmate	  the	  extent	  of	  the	  
tumors	  in	  half	  of	  the	  cases[31].	  

18F-‐fluorothymidine	  (FLT)	  

-‐  Ackvely	  taken	  up	  into	  dividing	  cells	  (It	  is	  
associated	  well	  with	  kssue	  markers	  of	  
proliferakon)	  

-‐  Excellent	  contrast-‐to-‐background	  rako	  
-‐  However,	  FLT	  could	  undereskmate	  the	  
extent	  of	  the	  tumors	  in	  half	  of	  the	  cases	  
studies	  (biopsy)	  	  

WHO	  Grade	  IV	  GB	  
MIB-‐1=45%	  

WHO	  Grade	  III	  AA	  
MIB-‐1=17%	  

WHO	  Grade	  II	  A	  
MIB-‐1=<1%	  

Price	  SJ.	  Clinical	  Radiology	  2009	  	  
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RT	  planning	  for	  malignant	  glioma	  a^er	  surgical	  
resecOon	  

Tumor	  volume	  

MET	  vs	  T1-‐MR	  19	  cc	  vs	  11	  cc	  

MET	  vs	  T2-‐MR	  23	  cc	  vs	  42	  cc	  

	  Areas of MET uptake extend beyond T2 in 
 most cases  

 

High MET uptake was visible 0.8 to 3 cm 
beyond the T1 contrast enhancement in 69% 
of cases	  

39	  pakentes	  /	  T1	  vs	  T2	  vs	  MET-‐PET	  



therapy oncology group recursive partitioning analysis
(RTOG RPA) class 3 (P < 0.0003) were associated with
improved survival. Both smaller PET (P < 0.005) and MRI
volumes (P < 0.02) were associated with improved PFS but
not OS.

MET-PET GTV and patterns of failure
We then explored the potential utility of MET-PET in

predicting eventual recurrence to determine if there were
regions of PET uptake beyond conventional MRI that may
benefit from additional boosting with RT.
MET-PET was particularly helpful in distinguishing resid-

ual tumor after resection from postsurgical changes. The
tumor volume estimated byMET-PET was generally smaller
than the contrast-enhancing volumeonMRI in patients that
underwent resection. The median MRI GTV (defined as
areas of peripheral enhancement excluding regions of cen-
tral necrosis) was 16.4 cm3 (range: 0.8–57.9), whereas the
median MET-PET tumor volume was 5.7 cm3 (range: 0.5–
43.8 cm3). Of the 32 patients who had appreciable pre-
treatment MET-PET uptake (region of uptake >1cm3), 22
showed MET-PET uptake that extended beyond the gado-
linium-enhancedMRI target volume. Among these 22 cases,
the mean distance that the MET-PET uptake extended
beyond the gadolinium-enhancing tumor volume was 1
cm (range: 0.8–3.5 cm). In the vast majority of cases, the
pretreatment MET-PET uptake volume fell within the MR
FLAIR volume because the MR FLAIR volumes are consid-
erably larger because of peritumoral edema (Fig. 2A). In 4

cases, the PET GTV extended beyond the MR FLAIR volume
by a maximum distance of 1.5 cm.

Of the 28 CNS recurrences noted, 16 were central, 2
were in-field, 8 were marginal, and 2 were distant. Sub-
optimal coverage of the tumor defined by MET-PET
(defined as less than 95% isodose coverage of MET-PET
tumor) resulted in a higher risk of subsequent noncentral
failure (P < 0.001). Seven of 8 patients with suboptimal
PET GTV coverage recurred with noncentral failures,
whereas 5 of 20 patients with adequate PET GTV coverage
developed noncentral failures. Furthermore, all of the
noncentral failures showed overlap with the initial PET
GTV. Overlap between the areas of initial increased PET
uptake and the eventual area of recurrence on MRI is
shown in Fig. 2B.

Discussion

In this study, we have shown that the use of highly
conformal RT techniques permits the safe administration
of substantially higher RT doses than the standard 60 Gy.
The observed median survival of 20.1 months and the
change in pattern of failure with higher RT doses suggest
improved efficacy. Late CNS toxicity was not observed with
RT doses at or below 75Gywith concurrent temozolomide.
Furthermore, we found that patients tended to progress
in regions of inadequate coverage of the tumor defined by
MET-PET uptake. This suggests that MET-PET is useful
in determining tumor extent, and encourages further

Figure 2. A, 11C MET-PET (middle)
clearly shows areas of increased
metabolic uptake extending beyond
the contrast-enhancing lesion on
MRI (left) but not beyond MR FLAIR
(right). MR FLAIR volume also
includes surrounding peritumoral
edema. B, pretreatment post-
gadolinium T1-weighted MRI
(middle) has been coregistered to the
pretreatment 11C MET-PET scan
(left) as well as the post-gadolinium
T1-weighted MRI at recurrence
(right). This example shows the
overlap between the area of initial
increased PET uptake (yellow) and
eventual area of recurrence.

11C MET-PET 

11C MET-PET Pre-Tx 

MR FLAIRMR T1 Post-Gd

MR T1 Post-Gd Pre-Tx MR T1 Post-Gd at recurrence

A

B

Radiation Dose Escalation and Concurrent Temozolomide in Primary GB
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11C	  MET-‐PET	  (middle)	  clearly	  shows	  areas	  of	  increased	  metabolic	  uptake	  extending	  beyond	  
the	   contrast-‐enhancing	   lesion	   on	  MRI	   (leu)	   but	   not	   beyond	  MR	   FLAIR	   (right).	  MR	   FLAIR	  
volume	  also	  includes	  surrounding	  peritumoral	  edema	  
MET	  exhibits	  a	  very	  short	  half-‐life	  	   Tsien	  CI.	  Clin	  Cancer	  Res	  2012	  
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RT	  planning	  for	  malignant	  glioma	  
a^er	  surgical	  resecOon	  

The	  size	  and	  locaOon	  of	  residual	  MET	  
uptake	  differs	  considerably	  from	  
abnormalikes	  found	  on	  postoperakve	  
MRI.	  Because	  postoperakve	  changes	  
cannot	  be	  differenkated	  from	  residual	  
tumor	  by	  MRI,	  MET-‐PET,	  with	  a	  greater	  
specificity	  for	  tumor	  kssue,	  can	  help	  to	  
outline	  the	  gross	  tumor	  volume	  with	  
greater	  accuracy	  

located outside of the MRI changes was not uniformly
distributed around the margins of the radiologic abnormal-
ities (Figs. 2–4). Therefore, it would not be possible to
indicate a uniform margin around the MRI changes to
ensure that the tumor tissue would be completely encom-
passed in the radiation field. Thus, MET-PET images have
an essential role in the visualization of macroscopic tumor
extension (GTV) and consequently will influence the CTV
and PTV delineation. Microscopic tumor infiltration (CTV)
should be defined with a margin of about 20 mm to the GTV
and to the resection cavity.

An important consequence of the integration of MET-
PET in the tumor volume delineation for gliomas is better
sparing of the normal brain tissue. Gd enhancement and
edema extended outside the MET uptake in 69% and 100%
of cases, respectively. The mean volume of the Gd enhance-
ment located outside of MET uptake was 6 cm3, and the
mean volume of the hyperintensity area on T2 that extended
beyond the MET uptake was 29 cm3 (Table 5). Considering
that Gd enhancement and edema that are located beyond the
MET uptake were a result of the surgery, these regions
should be excluded from the GTV and, as a consequence,
would not be incorporated in the high radiation dose areas.
Consequently, MET-PET will be useful for excluding nor-
mal brain tissue from the high radiation dose.

In previous studies, we investigated the impact of 123I-
labeled !-methyl-tyrosine-single photon computed emis-
sion tomography (IMT-SPECT) on the GTV definition for
three-dimensional treatment planning of brain gliomas. IMT
is an amino acid tracer with similar properties to MET for
the visualization of gliomas (36, 37). Using MRI/SPECT
fusion images, the GTV from SPECT was compared with
the volume of hyperintensity regions on T2-weighted MRI
and with the volume of Gd enhancement on T1-weighted
MRI.

Initially, we investigated 30 nonoperated low- and high-
grade glioma patients (38). In most cases, the hyperintensity

Table 4. Results of comparison of Gd and MET in 39 patients
using PET/MRI fusion images

Finding n (%)

MET uptake corresponded to Gd enhancement 5/39 (13)
MET uptake located outside Gd enhancement 29/39 (74)
Gd enhancement located outside MET uptake 27/39 (69)

Areas with MET uptake on PET were compared, scan by scan,
with areas with Gd enhancement on T1-weighted MRI.

Fig. 2. Astrocytoma World Health Organization Grade III, 2 weeks
postoperatively and 4 days before RT. (a) T1-MRI scan with Gd
enhancement. (b) MET-PET image. MRI and PET data were
coregistered using BrainLAB fusion software. Area with both Gd
and MET enhancement located in right temporal lobe (outlined in
green) corresponds to residual tumor tissue and represents GTV.
Small Gd enhancement area located in right temporal lobe (pink)
shows no MET uptake on PET, indicating BBB disturbance from
surgery and not included in GTV. MRI ! magnetic resonance
imaging; RT ! radiotherapy; PET ! positron emission tomogra-
phy; GTV ! gross tumor volume.

Fig. 3. Glioblastoma Grade IV, 4 weeks postoperatively and 3 days
before radiotherapy. (a) T1-MRI with Gd enhancement. Magnetic
resonance imaging (MRI) and positron emission tomography
(PET) data were coregistered using BrainLAB fusion software.
Area with Gd enhancement on MRI outlined in pink and includes
both residual tumor and BBB disturbances postoperatively. Area
with L-methyl-11C)-labeled methionine (MET) uptake on MET-
PET (green) indicates residual tumor tissue (gross tumor volume).
MET uptake also extended outside Gd-enhancement area (yellow
arrow), and Gd enhancement extended outside of MET uptake
(blue arrow).

Fig. 4. Glioblastoma. L-(methyl-11C)-labeled methionine-positron
emission tomography (MET-PET), T2-weighted magnetic reso-
nance imaging (MRI), T1-weighted MRI with Gd, and PET/MRI
fusion images. Yellow arrows indicate hyperintensity areas on
T2-weighted MRI, Gd enhancement on T1-weighted MRI, and
pathologic MET uptake on PET. Note, intensive MET uptake
outside of changes seen on MRI.

69MET-PET in RT of gliomas ● A.-L. GROSU et al.

located outside of the MRI changes was not uniformly
distributed around the margins of the radiologic abnormal-
ities (Figs. 2–4). Therefore, it would not be possible to
indicate a uniform margin around the MRI changes to
ensure that the tumor tissue would be completely encom-
passed in the radiation field. Thus, MET-PET images have
an essential role in the visualization of macroscopic tumor
extension (GTV) and consequently will influence the CTV
and PTV delineation. Microscopic tumor infiltration (CTV)
should be defined with a margin of about 20 mm to the GTV
and to the resection cavity.

An important consequence of the integration of MET-
PET in the tumor volume delineation for gliomas is better
sparing of the normal brain tissue. Gd enhancement and
edema extended outside the MET uptake in 69% and 100%
of cases, respectively. The mean volume of the Gd enhance-
ment located outside of MET uptake was 6 cm3, and the
mean volume of the hyperintensity area on T2 that extended
beyond the MET uptake was 29 cm3 (Table 5). Considering
that Gd enhancement and edema that are located beyond the
MET uptake were a result of the surgery, these regions
should be excluded from the GTV and, as a consequence,
would not be incorporated in the high radiation dose areas.
Consequently, MET-PET will be useful for excluding nor-
mal brain tissue from the high radiation dose.

In previous studies, we investigated the impact of 123I-
labeled !-methyl-tyrosine-single photon computed emis-
sion tomography (IMT-SPECT) on the GTV definition for
three-dimensional treatment planning of brain gliomas. IMT
is an amino acid tracer with similar properties to MET for
the visualization of gliomas (36, 37). Using MRI/SPECT
fusion images, the GTV from SPECT was compared with
the volume of hyperintensity regions on T2-weighted MRI
and with the volume of Gd enhancement on T1-weighted
MRI.

Initially, we investigated 30 nonoperated low- and high-
grade glioma patients (38). In most cases, the hyperintensity

Table 4. Results of comparison of Gd and MET in 39 patients
using PET/MRI fusion images

Finding n (%)

MET uptake corresponded to Gd enhancement 5/39 (13)
MET uptake located outside Gd enhancement 29/39 (74)
Gd enhancement located outside MET uptake 27/39 (69)

Areas with MET uptake on PET were compared, scan by scan,
with areas with Gd enhancement on T1-weighted MRI.

Fig. 2. Astrocytoma World Health Organization Grade III, 2 weeks
postoperatively and 4 days before RT. (a) T1-MRI scan with Gd
enhancement. (b) MET-PET image. MRI and PET data were
coregistered using BrainLAB fusion software. Area with both Gd
and MET enhancement located in right temporal lobe (outlined in
green) corresponds to residual tumor tissue and represents GTV.
Small Gd enhancement area located in right temporal lobe (pink)
shows no MET uptake on PET, indicating BBB disturbance from
surgery and not included in GTV. MRI ! magnetic resonance
imaging; RT ! radiotherapy; PET ! positron emission tomogra-
phy; GTV ! gross tumor volume.

Fig. 3. Glioblastoma Grade IV, 4 weeks postoperatively and 3 days
before radiotherapy. (a) T1-MRI with Gd enhancement. Magnetic
resonance imaging (MRI) and positron emission tomography
(PET) data were coregistered using BrainLAB fusion software.
Area with Gd enhancement on MRI outlined in pink and includes
both residual tumor and BBB disturbances postoperatively. Area
with L-methyl-11C)-labeled methionine (MET) uptake on MET-
PET (green) indicates residual tumor tissue (gross tumor volume).
MET uptake also extended outside Gd-enhancement area (yellow
arrow), and Gd enhancement extended outside of MET uptake
(blue arrow).

Fig. 4. Glioblastoma. L-(methyl-11C)-labeled methionine-positron
emission tomography (MET-PET), T2-weighted magnetic reso-
nance imaging (MRI), T1-weighted MRI with Gd, and PET/MRI
fusion images. Yellow arrows indicate hyperintensity areas on
T2-weighted MRI, Gd enhancement on T1-weighted MRI, and
pathologic MET uptake on PET. Note, intensive MET uptake
outside of changes seen on MRI.

69MET-PET in RT of gliomas ● A.-L. GROSU et al.
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MRI, which has a high sensitivity but a lower specificity (ca. 50%)
(Tables 1 and 2).

The similarity between MET- and FET-PET for tumour visualiza-
tion was demonstrated in a few studies [2,3]. We investigated 42
patients with gliomas and metastases on the same day with
MET- and FET-PET. We found an almost identical sensitivity and
specificity of both tracers [4]. Furthermore, the intensity of tracer
uptake and the extension of gliomas with FET-PET were closely
correlated with the extension with MET-PET. Thus, these studies
indicate that the results of MET-PET can be extrapolated to FET-
PET.

The higher diagnostic accuracy of AA-PET is the rationale for
using this technique in target volume delineation of gliomas, since
AA-PET can also provide information regarding tumour extension
(Fig. 1). In a series of clinical studies, marked differences between

AA-PET or SPECT and MRI in GTV delineation for radiation treat-
ment planning have been demonstrated [5–9]. In 39 patients with
high-grade gliomas imaged postoperatively, tumour contrast
enhancement in MRI and MET uptake corresponded in only 13%
of the patients. On average 13 ml (33%) of the tumour volume de-
fined on MET-PET demonstrated no contrast enhancement on MRI
[9].

Lee et al. [10] have demonstrated that increased uptake on
MET-PET obtained before radiation therapy and temozolomide
was associated with the site of subsequent failure in newly diag-
nosed glioblastoma. Weber et al. [11] assessed the failure pattern
observed after FET planning after chemo- and radiotherapy for
high-grade glioma. The target mismatch-survival data suggested
that using FET-PET planning may counteract the possibility of bio-
logical target volume-related progression, which may have a detri-
mental effect on survival.

In a small study, patients with recurrent gliomas lived signifi-
cantly longer when AA-PET or single photon emission tomography
(AA-SPECT) were integrated in target volume delineation. Median
survival of patients who underwent AA-PET or -SPECT based radi-
ation treatment was 4.5 months longer than that of patients who
underwent CT/MRI based radiation treatment [12].

In contrast, FDG-PET for GTV delineation which was systemati-
cally analysed by Gross et al. [14] was shown to be of limited value.
In 18 patients with malignant brain gliomas, the tumour volume
defined by PET was compared with the tumour volume defined
by PET/MRI fusion images. Only in a few patients, additional infor-
mation was derived from FDG-PET for radiation treatment plan-
ning because of the low contrast between viable tumour and
normal brain tissue, although FDG uptake is regionally related to
anaplastic areas.

Other tumours

There are some data in the literature showing that AA-PET could
be of interest in the differentiation between recurrent tumours and
treatment-related changes in brain metastases treated with stereo-
tactic radiotherapy/radiosurgery [4].

In meningiomas, the GTV is routinely delineated using the con-
trast enhancement areas on CT and MRI, and bone windowing on
CT. Meningiomas can infiltrate the region of sella, cavernous sinus,
orbit, tentorium, falx cerebri and the dura mater. It may be difficult
to define tumour extension because contrast enhancement in

Table 1
Differentiation of radiation necrosis and tumour recurrence by amino acid PET or
SPECT.

Author N Technique Sensitivity (%) Specificity (%)

Rachinger 45 FET-PET
MRIa

94 (29/31)
97(30/31)

93 (13/14)
50 (7/14)

Tsuyuguch 21 MET-PET 78 (7/9) 100 (12/12)
Samnick 78 IMT-SPECT 94 (62/66) 100 (12/12)

a Contrast enhancement in T1-weighted images after administration of gadolin-
ium-DTPA [13].

Table 2
Accuracy of amino acid PET for brain tumour delineation in comparison with
histologic evaluation.

Author Na Technique Sensitivityb (%) Specificityb (%)

Braun 32 MET-PET 87 (26/30) 75 (3/4)
Pirotte 32 MET-PET 100 (61/61) 100 (9/9)
Kracht 30 MET-PET 87 (87/100) 89 (16/18)
Pauleit 31 FET-PET

MRId
93c

96
94c

53

a Number of patients.
b Based on analysed lesions or biopsies.
c Total of 52 samples, 26 positive for tumour tissue. Sensitivity and specificity

were calculated from fitted receiver operator characteristic (ROC) curve.
d Combined analysis of non-enhanced T1-weighted sequences, Gd-enhanced

sequences and FLAIR sequences [13].

Fig. 1. Glioblastoma WHO IV two weeks after surgery. The contrast enhancement on T1-MRI with gadolinium (yellow row) can be treatment related (BBB disturbance after
surgery) or can be due to residual tumour in this region. T1-MRI alone can not differentiate between treatment-related changes and residual tumour. MET-PET (MRI/PET
coregistration) shows a high tracer uptake in this area, typically for residual tumour. This has consequences for the GTV delineation in radiation treatment planning process.
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The median surfaces of GTVs onto which the SDlocal was
mapped in color for three patients are shown in Figure 3. Up to
about 1 cm in SDlocal has been observed with both schemes
(Figure 3a and 3b) for patient 1. Whereas, there are two regions on
which the SDlocal is reduced obviously with the second scheme (the
areas pointed with red arrows in Figure 3b). For patient 2, SDlocal

in a large part of areas (quadrant No. 3, No. 4, and No. 7 as
indicated by red, green and light blue arrows respectively in
Figure 3c) on the median surface of GTVs from the first scheme is
larger than 1 cm and the maximum is larger than 3 cm. For the
median surface of GTVs from the second scheme (Figure 3d),
however, the maximum SDlocal is 1.64 cm, much smaller than the
former. For patient 3, up to 1.5 cm in SDlocal is observed in two
quadrants of the median surface of GTVs from the first scheme
(Figure 3e) while the maximum SDlocal of 1.15 cm over all vertex
points on median surface is observed for the GTVs from the
second scheme (Figure 3f).
Large reductions of inter-observer contouring variation in GTV

delineation are also observed on axial slices of three patient CT
images with the assistance of tri-modality image fusion as shown in
Figure 4. The axial slices correspond to the same area in median
surface as marked by the red arrows in Figure 3.

3. Intra-observer variation of GTV volumes
The mean value and SD of the three repeated GTVs

determined by each observer for each patient, the COV with
the two schemes are summarized in Table 4. Much smaller SD
and COV values are observed with the second scheme than the
ones with the first scheme in the results of all three observers’
delineation for the patients. The mean of COV for all three
observers is significantly reduced, from 0.05 (60.03) with the first
scheme to 0.02 (60.01) with the second scheme (p=0.00, 95%
confidence interval of the difference is [0.01, 0.06]), revealing that
the intra-observer volume variation is significantly reduced with
the new tri-modality image fusion method.

Discussion

Our study has shown that the tri-modality image fusion method
which integrates CT, MRI and 18F-FDG-PET has positive impact
on the radiotherapy treatment planning for brain tumors. The
volume of GTV contoured for high-grade gliomas and brain
metastasis can be reduced as compared with using dual-modality

(CT/MRI) image fusion. The inter-observer variation of GTV
shapes (Figure 3, Figure 4 and Table 2) and the intra-observer
variation in defining GTV volumes (Table 4) can be significantly
reduced.
The interpretation differences between observers, derived from

clinical experience, image interpretation skills, compliance to set
guidelines, and treatment philosophy [14], were the major
component of inter-observer variation in this study. The volume
of GTV defined by observer 2 was larger than other two observers’
for each patient and scheme (Table 1). The same trend could be
found in Table 2 for the parameter of ADSC. Although variation
in target definition existed among the observers even with the tri-
modality method, the SDs of ADSC were significantly reduced as
compared with using dual-modality method. These results indicate
that contours can be drawn more consistently with the new tri-
modality image fusion method and large reduction of the inter-
observer difference can be achieved in GTV definition for brain
tumors.
The new method provides convenience to observers in the

operation for target delineation due to the adjustable transparency
values of foreground images in one single panel, which has not
been reported in published studies so far to our knowledge. With
our in-house developed software tool, observers are able to view
composite images in single modality, dual-modality, or tri-
modality mode in one single panel. Observers can change the
transparency factors (tP, tM) and gain various combinations of tri-
modality images’ information to facilitate a more comprehensive
definition of final GTVMRI/CT/PET. And the lessened intra-
observer variation of GTV volumes (mean COV is 0.05 and 0.02
for dual- and tri-modality image fusion, respectively) in our study
manifests the high reproducibility of results with this software.
Although a relatively small amount of raw data was used in this

feasibility study because of the difficulty of getting image data of
three modalities for the same tumor site, the results have shown
potentials for utilizing three modality image data for the cases for
which two image modalities cannot provide sufficient information
in target definition for the brain tumors. When the tumor locates
close to a critical normal structure or tissue, this method will be
helpful for reducing uncertainty in tumor boundary definition and
sparing the adjacent normal tissues, especially when high
fractional dose and small margins around the tumor are applied.

Table 4. Intra-observer comparison of GTV volumes obtained with dual-modality image fusion (MRI/CT) and tri-modality (MRI/CT/
PET) image fusion.

Observer Patient GTV with Dual-modality GTV with Tri-modality

Mean 6 SD (cm3) COV Mean 6 SD (cm3) COV

Observer 1 Patient 1 21.5261.48 0.07 17.1560.68 0.04

Patient 2 14.0560.34 0.02 12.4460.16 0.01

Patient 3 2.6460.29 0.11 1.8760.02 0.01

Observer 2 Patient 1 22.5261.00 0.04 19.7660.31 0.02

Patient 2 16.4660.51 0.03 14.0860.13 0.01

Patient 3 2.7960.12 0.04 1.9460.02 0.01

Observer 3 Patient 1 20.2860.96 0.05 17.5560.47 0.03

Patient 2 14.6360.60 0.04 13.4060.17 0.01

Patient 3 1.9960.16 0.08 1.6660.02 0.01

GTV =gross tumor volume; COV= coefficient of variation; SD= standard deviation.
doi:10.1371/journal.pone.0112187.t004
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Introduction

Accurate target definition plays a crucial role in radiotherapy
planning of brain tumors, especially, in the image guided
radiotherapy (IGRT) which aims at reducing treatment volume
toward target volume while ensuring coverage of target volume in
all dimensions [1]. To avoid missing target, the intracranial
cancerous tissue involvement must be correctly defined in the gross
tumor volume (GTV) delineation. Oftentimes single imaging
modality cannot provide sufficient information because of its
inherent limitations of discriminating different brain soft-tissues or
diseased tissues, and combination of different imaging modalities
has to be utilized to get more comprehensive understanding of the
disease and fulfill an accurate GTV delineation. Therefore, a
proper integration of multiple information resources is necessary
for the definition of intracranial tumor extension.
Studies showed that utilization of functional imaging tech-

niques, such as 18F-fluorodeoxyglucose positron emission tomog-

raphy (18F-FDG PET), 18F-fluoromisonidazole PET (18F-FMISO
PET), diffusion-weighted MRI (DW-MRI) and dynamic contrast-
enhanced MRI (DCE-MRI) in addition to CT provides important
value to radiotherapy treatment planning for head and neck
squamous cell carcinoma (HNSCC) and early response assessment
[2]. And in routine radiotherapy practice delineation of GTV for
brain tumors relies upon CT or MRI images, or both. However,
there are limitations in visualizing tumor and detecting anaplastic
tissue with these two image modalities, which may lead to potential
inaccuracy in the lesion definition at different steps of the brain
tumor management [3]. For example, the conventional MRI is
inefficient for the visualization of gliomatous tissue after therapy
[4]. Interpretation of anatomical and functional information from
multimodal images opens up new possibilities for optimization of
the brain tumor treatment. It was shown that PET/MRI
coregistration can significantly improve the sensitivity and
specificity of 18F-FDG in evaluating recurrent tumor and
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enhanced MRI (DCE-MRI) in addition to CT provides important
value to radiotherapy treatment planning for head and neck
squamous cell carcinoma (HNSCC) and early response assessment
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Accurate target definition plays a crucial role in radiotherapy
planning of brain tumors, especially, in the image guided
radiotherapy (IGRT) which aims at reducing treatment volume
toward target volume while ensuring coverage of target volume in
all dimensions [1]. To avoid missing target, the intracranial
cancerous tissue involvement must be correctly defined in the gross
tumor volume (GTV) delineation. Oftentimes single imaging
modality cannot provide sufficient information because of its
inherent limitations of discriminating different brain soft-tissues or
diseased tissues, and combination of different imaging modalities
has to be utilized to get more comprehensive understanding of the
disease and fulfill an accurate GTV delineation. Therefore, a
proper integration of multiple information resources is necessary
for the definition of intracranial tumor extension.
Studies showed that utilization of functional imaging tech-

niques, such as 18F-fluorodeoxyglucose positron emission tomog-

raphy (18F-FDG PET), 18F-fluoromisonidazole PET (18F-FMISO
PET), diffusion-weighted MRI (DW-MRI) and dynamic contrast-
enhanced MRI (DCE-MRI) in addition to CT provides important
value to radiotherapy treatment planning for head and neck
squamous cell carcinoma (HNSCC) and early response assessment
[2]. And in routine radiotherapy practice delineation of GTV for
brain tumors relies upon CT or MRI images, or both. However,
there are limitations in visualizing tumor and detecting anaplastic
tissue with these two image modalities, which may lead to potential
inaccuracy in the lesion definition at different steps of the brain
tumor management [3]. For example, the conventional MRI is
inefficient for the visualization of gliomatous tissue after therapy
[4]. Interpretation of anatomical and functional information from
multimodal images opens up new possibilities for optimization of
the brain tumor treatment. It was shown that PET/MRI
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IMPACT	  OF	  MET-‐PET-‐TAC	  FOR	  TARGET	  DEFINITION	  OF	  GLIOBLASTOMA	  MULTIFORME	  IN	  RADIATION	  THERAPY	  PLANNING	  

has greater accuracy for defining the extent of glioma than
CT and MRI (10, 13, 18). The integration of [11C]MET-
PET into radio-oncologic treatment planning has provided
encouraging results because [11C]MET-PET is highly sensi-
tive in the context of brain tumor tissue. In the present study,
the biological target volume using [11C]MET-PET helped to
describe tumor morphology (GTV) with greater accuracy
than traditional radiologic modalities (such as MRI) alone
(10, 18, 32). The results of this study demonstrate that
[11C]MET-PET improves visualization of the extent of
GBM (Fig. 3).

Table 3 compares the present results with those reported
by Jansen et al. (19), correlating histopathologic observa-
tions and CT/MR images. Although some studies report dif-
ferent results (22–27), for example, tumor cells exist within
the tumor plus a and edema plus b, those results almost
corresponded to our results, for which [11C]MET-PET

findings served as the gold standard in this study. In
a word, it is thought that our results are valid by near
correspondence to histopathologic observations.

Methionine is a natural amino acid that is briskly taken up
by glioma cells, with only a low uptake in normal cerebral
tissue. The uptake is mediated mainly by the L-type amino
acid transport system. Methionine may be used for protein
synthesis or is converted to S-adenosylmethionine, which
is the primary methyl donor for transmethylation reactions
and a precursor of polyamide synthesis. A smaller part of
MET is metabolized by decarboxylation. However, several
experiments have suggested that during [11C]MET-PET
studies, the tumor uptake of [11C]MET mainly reflects in-
creased amino acid transport (12, 13, 20). Therefore, [11C]
MET-PET does not directly receive the influence of the
operation easily, because of the high possibility of
showing the tumor localization. It is thought that an

Table 3. Comparison of correlations of histopathologic observations and use of CT or MR images

Institution (ref)
No. of
patients

No. of GBM tumor
cells/total no. of AA

CT or
MRI Pathologic findings Results This results

MGH (22) 35 Not specified CT Tumor cells within 2 cm of tumor mass on CT 29/35 (82.9%) 86.4%
Duke (23) 5 5/0 CT Tumor cells within Necrotic area plus 3 cm 5/5 (100%) 86.4% <
Duke (24) 11 15/0 CT Tumor cells go beyond enhancement 9/11 (81.8%) 71.4%

Tumor cells within Edema plus 3 cm 11/11 (100%) 96.4% <
Mayo (25) 40 8/7 CT/MRI Tumor cells within hypodense (CT), T2 high

(MRI)
15/16 (93.8%) 61.1%

Tumor cells within isodense (CT), T2 high
(MRI)

14/14 (100%)

Brain R.I.
Niigata (26)

18 6/12 CT/MRI Tumor cells go beyond T2 high (MRI) 4/18 (22.2%) 38.9%

Barrow (27) 5 3/2 MRI Tumor cells within T2 high (MRI) 5/5 (100%) 61.1%

Abbreviations:MGH=Massachusetts General Hospital, MA; Duke =Duke University, NC;Mayo =Mayo Clinic, MN; Brain R.I. Niigata =
Brain Research Institute, Niigata, Japan; Barrow = Barrow Neurological Institute; AZ GBM = glioblastoma multiforme; AA = anaplastic
astrocytoma.

Fig. 3. Example of Gd-enhanced MRI scans illustrating (A, upper left) CTV-Gd (xmm) as x mm (x = 0-, 2-, 5-, 10-, and
20-mm) margin outside the CTV-Gd, respectively. And these lines were superimposed onto [11C]MET-PET images (B,
upper right) in the same patient. (C, lower left) Example of T2-weighted MRI scans illustrating CTV-T2 (xmm) as xmm
(x = 0-, 2-, 5-, 10-, 20-mm)margin outside the CTV-T2, respectively. These lines were superimposed onto [11C]MET-PET
images (D, lower right) in the same patient. The area is too small (red arrow) to contain CTV-PET by CTV-Gd (20mm)
line (B). The area is too large (green arrow) to minimize the radiation exposure to the normal brain tissue (D).
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were grouped according to the RTOG recursive partitioning
analysis (RPA) class (21). Most patients were put into RPA
class IV (n = 19), and smaller numbers were in classes VI
(n = 8), III (n = 3), and V (n = 8).

Table 2 shows sensitivity, specificity, PPV, and NPV for
CTV-Gd (x mm) and CTV-T2 (x mm). The sensitivity of
CTV-Gd (20 mm) (86.4%) was significantly higher than
that of the other CTV-Gd (x = 0, 2, 5, 10 mm). The specificity
of CTV-Gd (x = 0, 2, 5 mm) was significantly higher than
that of the other CTV-Gd (x = 10, 20 mm). The PPV of
CTV-Gd (x = 0, 2 mm) was significantly higher than that
of the other CTV-Gd (x = 5, 10, 20 mm). The NPV of
CTV-Gd (x = 20 mm) was significantly higher than that of
the other CTV-Gd (x = 0, 2, 5, 10 mm). The sensitivity
of CTV-T2 (20 mm) (96.4%) was significantly higher than
that of the other CTV-T2 (x = 0, 2, 5 mm). The specificity
of CTV-T2 (x = 0 mm) was significantly higher than that
of the other CTV-T2 (x = 5, 10, 20 mm). The PPV of CTV-
T2 (x = 0 mm) was significantly higher than that of the other
CTV-T2 (x = 0, 2, 5, 10, 20 mm). The NPVof CTV-T2 (x = 20
mm) was significantly higher than that of the other CTV-T2

(x = 0, 2, 5, 10 mm).
Figure 2 shows the sensitivity and specificity values of

CTV-Gd (x = 0, 2, 5, 10, 20 mm) and that of CTV-T2 (x =
0, 2, 5, 10, 20 mm). The highest sensitivity and lowest spec-
ificity values were shown by CTV-T2 (x = 20 mm). The low-
est sensitivity and highest specificity values were shown by
CTV-Gd (x = 0mm). Table 3 compares our results with those
reported by Jansen et al. (19), correlating histopathologic
observations and use of CT or MR images. Hochberg et al.
(22) reported 29/35 (82.9%) tumor cells were within 2 cm

of the tumor mass on CT, and in our study, 86.4% of tumor
cells were within 2 cm of the tumor mass on MRI. Burger
et al. (23) reported 5/5 (100%) tumor cells were within the
necrotic area plus 3 cm. Although we do not discuss CTV-
Gd plus 3 cm in our study, we expect results were nearer
to 100% (more than CTV-Gd [20 mm]). Halperin et al.
(24) reported 9/11 (81.8%) tumor cells were beyond the en-
hancement area on CT, and 11/11 (100%) tumor cells were
within the edema area; in our study, 71.4% of tumor cells
were beyond the Gd enhancement area, and although we
do not discuss CTV-T2 plus 3 cm, we expect results were al-
most 100% (more than CTV-T2 [20mm]). Because other
studies (25–27) included patients with not only GBM but
also anaplastic astrocytoma, results differ slightly from our
data.

DISCUSSION

Brain tumor tissue can be visualized with MRI and CT be-
cause of the increased water content (edema) compared with
normal brain tissue and because of disruption of the blood–
brain barrier, and the tumor tissue is visualized as contrast
enhancement. However, neither contrast enhancement nor
edema is always a real measure of the extent of tumor for gli-
omas. Tumor cells have been detected beyond the margins of
contrast enhancement, in the surrounding edema and even in
adjacent brain tissue that appears normal. After neurosur-
gery or radiotherapy, blood–brain barrier disturbances and
edema can also be treatment-related, and they cannot be dif-
ferentiated from persistent tumor on CTor MRI (25, 28–31).
Therefore, after the introduction of CT and MRI as planning
methods for irradiation of postoperative GBM, many
investigators have tried to define the optimal treatment
volume. However, there are many studies that report where
tumor exists outside of the edema and the enhanced area
of CT and MRI, and this topic is still a matter of heated
debate.

Comparative analyses among CT, MRI, and [11C]MET-
PET and stereotactic biopsies suggest that [11C]MET-PET

Table 2. Sensitivity, specificity, PPV, and NPVof CTV-Gd
and CTV-T2

Protocol Sensitivity* Specificity PPV NPV

CTV-Gd 28.6 (5.2) 99.4 (1.0) 73.6 (29.7) 95.1 (4.2)
Mean (SD) (%)
CTV-Gd (2 mm) 44.3 (30.1) 98.8 (1.6) 68.0 (27.2) 95.9 (4.0)
Mean (SD) (%)
CTV-Gd (5 mm) 55.6 (30.2) 97.8 (2.3) 59.8 (24.5) 96.5 (3.7)
Mean (SD) (%)
CTV-Gd (10 mm) 72.0 (27.9) 94.8 (4.2) 44.3 (19.6) 97.4 (3.3)
Mean (SD) (%)
CTV-Gd (20 mm) 86.4 (21.5) 84.2 (8.7) 24.7 (13.5) 98.4 (2.5)
Mean (SD) (%)
CTV-T2 61.1 (25.5) 97.2 (2.8) 58.0 (26.8) 97.1 (2.8)
Mean (SD) (%)
CTV-T2 (2 mm) 72.4 (24.2) 95.1 (4.2) 48.9 (24.7) 98.0 (2.5)
Mean (SD) (%)
CTV-T2 (5 mm) 81.9 (21.5) 92.2 (5.7) 40.4 (21.8) 98.4 (2.2)
Mean (SD) (%)
CTV-T2 (10 mm) 89.4 (15.1) 85.5 (8.8) 28.5 (16.6) 98.9 (1.7)
Mean (SD) (%)
CTV-T2 (20 mm) 96.4 (7.0) 68.3 (13.4) 15.9 (9.6) 99.6 (1.3)
Mean (SD) (%)

Abbreviations: NPV = negative predictive value; PPV = positive
predictive value; SD = standard deviation.
* Values in boldface type indicate p < 0.05 using Tukey-type

multiple comparisons.
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Fig. 2. Scatter plot of T2-weighted MRI (x mm) (where x = 0, 2, 5,
10, 20 mm) and Gd (x mm) (x = 0, 2, 5, 10, 20 mm) with respect to
sensitivity and specificity, respectively.
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To	  define	  the	  opOmal	  margins	  for	  T1Gd-‐MRI	  and	  T2-‐MRI	  for	  delineakng	  target	  volumes	  in	  planning	  ra-‐	  diakon	  therapy	  for	  
postoperakve	  pakents	  with	  newly	  diagnosed	  glioblastoma	  mulkforme	  (GBM)	  by	  comparison	  11CMET-‐PET	  findings	  



SensiOvity	   Specificity	   Comments	  
CTV-‐Gad	  +	  2cm	   86%	   84%	   CTV-‐T2	  +	  2cm	  	  

1.	  To	  opkmize	  tumor	  control	  and	  to	  prevent	  
	  local	  failure.	  

2.	  If	  dose	  escalakon,	  the	  dose	  of	  radiakon	  to	  
	  the	  normal	  kssue	  increases	  (low	  specificity)	  

CTV-‐T2	  +	  2cm	   96%	   68%	  

It	  is	  necessary	  to	  use	  a	  margin	  of	  at	  least	  2	  cm	  in	  T2-‐MRI	  for	  the	  inikal	  target	  planning	  
of	  radiakon	  therapy	  ???	  	  
In	  postoperakve	  pakents	  with	  GBM,	  the	  CTV-‐Gd	  and	  CTV-‐T2	  margins	  differed	  
considerably	  from	  that	  of	  CTV-‐	  [11C]MET-‐PET	  
	  

Matsuo	  M.	  IJROBP	  2012	  



technique to identify tumour or invasion remains prob-
lematic [57]. Several authors have published approaches
using fibre tracking, where a seeded point in the white-
matter tract is found and contiguous voxels identified on
the basis of their diffusion characteristics. Unfortunately,
these approaches have significant limitations where the
track is disrupted, oedematous, invaded or destroyed [58]. A
number of alternative approaches have been described,
including identification of specific pathways using

anatomical information combined with DTI data to char-
acterise invasion, oedema or compression [59] (Figure 6). A
number of studies have attempted to integrate fMRI and/or
DTI into stereotactic radiosurgical planning [60], showing
that it is possible to modulate the dose received by major
fibre tracks in close physical proximity to the tumour
(Figure 7). However, to date there is no independent evi-
dence as to whether this results in any significant change in
survival or morbidity.

Fig 5. Glioblastoma showing identification of voxels with a mismatch between methyl-11C-L-methionine (MET) and FDG uptake and the
consequent identification of tumour extent on the decoupling map (bottom right). Reproduced with permission from [54].

Fig 6. World Health Organization grade II frontal astrocytoma. (A) T1-weighted inversion recovery (IR) in axial section. (B) Diffusion tensor
imaging (DTI)-derived fractional anisotropy (FA) image in axial section. (C) FA image with the projected white matter tract segments identified
(green, means FA within normal intervals predicted from comparative dataset of normal controls; red, FA below 0.25 threshold; blue, increased
FA above upper limit of prediction interval). The image shows invasion of the anterior part of the internal capsule within the tumour. Reproduced
with permission from [59].
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Método	  de	  análisis	  de	  imagen	  	  
Matched	  18F-‐FDG	  and	  MET-‐	  

PET	  para	  calcular	  el	  
decoupling	  score	  	  

	  
Detecta	  una	  densidad	  tumoral	  

>1000/mm2	  	  
	  

S/E:	  	  93.5/87.5%	  
(MET	  exclusivo	  S/E:	  87.0	  and	  87.5%)	  
	   Glioblastoma	  showing	  idenkficakon	  of	  voxels	  with	  a	  mismatch	  between	  

methyl-‐11C-‐L-‐methionine	  (MET)	  and	  FDG	  uptake	  and	  the	  consequent	  
idenkficakon	  of	  tumour	  extent	  on	  the	  decoupling	  map	  (boyom	  right).	  
Kinoshita	  M	  J	  Nucl	  Med	  2012	  
	  



PET-‐MET	   RM-‐T1	  Gd	  



Grosu	  AL	  et	  al.	  Inl	  J	  Radiat	  Oncol	  Biol	  Phys	  2005	  

Reirradiation of recurrent high-grade 
gliomas using amino acid PET 

(SPECT)/CT/MRI image fusion to 
determine gross tumor volume for 

stereotactic fractionated radiotherapy	  

Treatment	   planning	   based	   on	   PET	  
imag ing	   compared	   wi th	   the	  
standard	   MRI	   used	   for	   planning	  
resulted	   in	   a	   significant	   increase	   in	  
median	  survival	  (9	  vs	  5	  months).	  

reproducible patient immobilization was achieved with a bite-plate
mask system. Routine treatment planning (CT, MRI) was per-
formed in all patients. The GTV was defined as the contrast-
enhancing area on CT/T1 gadolinium (Gd)-MRI image fusion
(without surrounding edema) in 8/44 patients (18%). Twenty-two
patients (50%) were planned using the MET-PET/CT/MRI image
fusion when this method became available in the Department of
Radiation Oncology. Fourteen patients (32%) were planned with
IMT-SPECT as the functional imaging method. In all these cases,
the anatomica/biologic image fusion was performed as previously
described (19). GTV included the complete region of increased
amino acid tracer uptake. It was not expanded to create the clinical
target volume. The planning target volume (PTV) encompassed
the GTV plus 3-mm margin. Treatment was performed with a total
dose of 30 Gy, given as 5 Gy daily continually over 6 days with
exclusion of Saturday and Sunday. This dose was prescribed to the
100% isodose line, which covered the PTV. Dexamethasone treat-
ment was necessary in all patients. In general, the minimum dose
required for symptom stabilization was used.

Twenty-nine patients (66%) received combined modality treat-
ment with temozolomide. Adequate bone marrow, hepatic, and
renal function and no prior treatment with temozolomide were
required for chemotherapy. A dose of 200 mg/m2/day for 5 days
was administered. Cycles were repeated every 28 days with one to
two cycles before SFRT and four to five cycles after. Treatment
was discontinued when unequivocal progression or severe toxicity
occurred. Temozolomide was not administrated in patients who
refused the treatment or didn’t correspond to the required admis-
sion criteria for this chemotherapy.

Patients were followed with clinical and neurologic examination
and MRI or CT every other cycle. In cases suspicious for radiation
necrosis, a MET-PET or IMT-SPECT investigation was per-
formed.

Statistics
For the statistical analysis was used the SPSS software. Survival

time was considered the end point of this study. It was measured
from start of retreatment and evaluated with the Kaplan-Meier
method. Univariate analysis of prognostic factors was performed
by comparing survival curves with the log–rank test. Significance
level was p ! 0.05. Significant prognostic factors were further

evaluated in a multivariate stepwise Cox regression analysis. The
Mann-Whitney test was used to compare baseline characteristics
of different patient subgroups in more detail.

RESULTS

Mean GTV was 18 ccm (median, 15 cm3; range, 1–61
cm3; standard deviation, 16 cm3). The PTV was encom-
passed by the 100% isodose (5 Gy/fraction, maximum dose
within the tumor, 105–110%).

The mean survival time for the whole patient group was
13 months (95% confidence interval [CI], 8–17 months);
median, 8 months (95% CI, 6–10 months) (Fig. 1). At the
time of evaluation 33 of 44 (75%) patients had died. All
patients died because of local tumor progression. Median
follow-up of surviving patients was 6 months.

Treatment planning based on PET(SPECT)/CT/MRI im-
aging was associated with improved survival in comparison
to treatment planning using CT/MRI alone: mean survival
time 14 months (95% CI, 9–20 months) vs. 6 months (95%
CI, 4–8 months) and median survival time 9 months (95%
CI, 6–12 months) vs. 5 months (95% CI, 3–7 months), p !
0.03, Fig. 2. Age, KPS, tumor grading, tumor volume, time
between initial diagnosis and recurrence, and use of che-
motherapy were similar in both groups (Mann-Whitney test,
p " 0.05) (Table 1).

Median and mean survival were significantly higher in
patients treated with chemotherapy: 11 months (95% CI,
9–13 months) and 14 months (95% CI, 9–19 months) for
patients who received SFRT plus temozolomide vs. 6
months (95% CI, 5–7 months) and 9 months (95% CI, 3–15
months) for patients treated with SFRT alone (p ! 0.04)
(Fig. 3). The two groups were not significantly different

Fig. 1. Kaplan-Meier survival curve for 44 patients with recurrent
high-grade glioma treated with fractionated stereotactic radiother-
apy # temozolomide. Mean survival time was 13 months; median,
8 months.

Fig. 2. Kaplan-Meier survival curves for 36 of 44 patients (82%)
treated with fractionated stereotactic radiotherapy (SFRT) based
on PET(SPECT)/CT/MRI fusion images vs. 8 of 44 patients (18%)
treated with SFRT planned by CT/MRI alone. Mean and median
survival times were 14 months and 9 months in the first group; 6
months and 5 months, respectively, in the second group, p ! 0.031
(log–rank). PET ! positron emission tomography; SPECT !
single-photon computed emission tomography.

513Reirradiation of recurrent high-grade gliomas ● A. L. GROSU et al.



Lee	  IH,	  IJROBP	  2009	  

•  26	  pts	  dose	  escalakon	  study	  
w	  MR-‐GTV	  (Michigan)	  	  

•  19	  MET-‐PET	  +	  
•  5/19	  PET-‐GTV	  outside	  the	  
high	  dose	  region	  

•  5/5	  non-‐central	  recurrence	  
•  14/19	  covered	  by	  PET-‐GTV	  

•  2/14	  non-‐central	  recurrence	  

AssociaOon	  of	  11C-‐Methionine	  PET	  Uptake	  
with	  Site	  of	  Failure	  A^er	  	  Concurrent	  

Temozolomide	  and	  RadiaOon	  for	  Primary	  
Glioblastoma	  MulOforme	  



CUN	  

GTV	  Gad	   GTV	  FLAIR	  



GTV	  PET	  

GTV	  PET	  

CUN	  



Recurrencia	  en	  relación	  con	  los	  volúmenes	  
target	  iniciales	  y	  PET-‐MET	  de	  planificación	  

CUN	  



GTVGd	   GTVMET	  

GTVTotal	  



T/NT	  
	  

SUVmax	  Lesión	  	  
––––––––––––––––	  
SUVmed	  Sust.GrisContralateral	  

•  GTVMET	  alta	  ackvidad	  /	  baja	  ackvidad	  
•  Segmentación	  automákca:	  isocontorno	  50%	  SUV	  	  

	  

	  



Análisis	  de	  la	  imagen	  

Vol.	  planificación	   Mediana	  	   Rango	  

GTVMET	  	  (cc)	   9,10	   0,19-‐93,50	  

GTVGd	  	  (cc)	   40,06	   1,02-‐387,50	  

GTVTotal	  (cc)	   45,45	   1,98-‐403,76	  

GTVMET–GTVGd	  	  (cc)	   3,12	  	   0,84-‐8,48	  

T/NT	   2,30	   1,10-‐10,10	  

Volumen	  PET	  (cc)	   Grosu	  2005	   Weber	  2008	   Niyazi	  2011	  
Mediana	   13	   8	   2,5	  



La	  localización	  de	  la	  recidiva	  coincidió	  con	  el	  área	  de	  máxima	  
ackvidad	  del	  	  GTVMET	  en	  	  33/46	  	  pakents	  (71,1%)	  

(p=0,02)	  

Análisis	  del	  volumen	  de	  recidiva	  tumoral	  	  



therapy oncology group recursive partitioning analysis
(RTOG RPA) class 3 (P < 0.0003) were associated with
improved survival. Both smaller PET (P < 0.005) and MRI
volumes (P < 0.02) were associated with improved PFS but
not OS.

MET-PET GTV and patterns of failure
We then explored the potential utility of MET-PET in

predicting eventual recurrence to determine if there were
regions of PET uptake beyond conventional MRI that may
benefit from additional boosting with RT.
MET-PET was particularly helpful in distinguishing resid-

ual tumor after resection from postsurgical changes. The
tumor volume estimated byMET-PET was generally smaller
than the contrast-enhancing volumeonMRI in patients that
underwent resection. The median MRI GTV (defined as
areas of peripheral enhancement excluding regions of cen-
tral necrosis) was 16.4 cm3 (range: 0.8–57.9), whereas the
median MET-PET tumor volume was 5.7 cm3 (range: 0.5–
43.8 cm3). Of the 32 patients who had appreciable pre-
treatment MET-PET uptake (region of uptake >1cm3), 22
showed MET-PET uptake that extended beyond the gado-
linium-enhancedMRI target volume. Among these 22 cases,
the mean distance that the MET-PET uptake extended
beyond the gadolinium-enhancing tumor volume was 1
cm (range: 0.8–3.5 cm). In the vast majority of cases, the
pretreatment MET-PET uptake volume fell within the MR
FLAIR volume because the MR FLAIR volumes are consid-
erably larger because of peritumoral edema (Fig. 2A). In 4

cases, the PET GTV extended beyond the MR FLAIR volume
by a maximum distance of 1.5 cm.

Of the 28 CNS recurrences noted, 16 were central, 2
were in-field, 8 were marginal, and 2 were distant. Sub-
optimal coverage of the tumor defined by MET-PET
(defined as less than 95% isodose coverage of MET-PET
tumor) resulted in a higher risk of subsequent noncentral
failure (P < 0.001). Seven of 8 patients with suboptimal
PET GTV coverage recurred with noncentral failures,
whereas 5 of 20 patients with adequate PET GTV coverage
developed noncentral failures. Furthermore, all of the
noncentral failures showed overlap with the initial PET
GTV. Overlap between the areas of initial increased PET
uptake and the eventual area of recurrence on MRI is
shown in Fig. 2B.

Discussion

In this study, we have shown that the use of highly
conformal RT techniques permits the safe administration
of substantially higher RT doses than the standard 60 Gy.
The observed median survival of 20.1 months and the
change in pattern of failure with higher RT doses suggest
improved efficacy. Late CNS toxicity was not observed with
RT doses at or below 75Gywith concurrent temozolomide.
Furthermore, we found that patients tended to progress
in regions of inadequate coverage of the tumor defined by
MET-PET uptake. This suggests that MET-PET is useful
in determining tumor extent, and encourages further

Figure 2. A, 11C MET-PET (middle)
clearly shows areas of increased
metabolic uptake extending beyond
the contrast-enhancing lesion on
MRI (left) but not beyond MR FLAIR
(right). MR FLAIR volume also
includes surrounding peritumoral
edema. B, pretreatment post-
gadolinium T1-weighted MRI
(middle) has been coregistered to the
pretreatment 11C MET-PET scan
(left) as well as the post-gadolinium
T1-weighted MRI at recurrence
(right). This example shows the
overlap between the area of initial
increased PET uptake (yellow) and
eventual area of recurrence.

11C MET-PET 

11C MET-PET Pre-Tx 

MR FLAIRMR T1 Post-Gd

MR T1 Post-Gd Pre-Tx MR T1 Post-Gd at recurrence

A

B
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Overlap	  between	  the	  area	  of	  inikal	  increased	  PET	  uptake	  (yellow)	  and	  
eventual	  area	  of	  recurrence	  

Tsien	  CI.	  Clin	  Cancer	  Res	  2012	  



Tiempo	  Libre	  de	  Progresión	  

A.	  Univariable	   A.	  MulOvariable	  Ajustado	  

Variables	   HR	  (95%	  CI)	   Valor	  p	   HR	  ajustado	  (IC	  95%)	   Valor	  p	  

GTVMET	   1.01	  (1.10-‐1.50)	   0.048	   1.01	  (0.99-‐1.03)	   0.121	  

GTVMET	  ≥9/<9cc	   0.38	  (0.20-‐0.71)	   0.003	   0.53	  (0.25-‐1.13)	   0.100	  

GTVGd	   1.00	  (0.99-‐1.00)	   0.8	   0.99	  (0.99-‐1.00)	   0.179	  

GTVGd	  ≥40/<40cc	   0.84	  (0.47-‐1.51)	   0.56	   0.89	  (0.74-‐1.68)	   0.731	  

T/NT	   1.30	  (1.10-‐1.50)	   0.003	   1.28	  (1.04-‐1.58)	   0.016	  



T/NT<2,5	  20,4s	  
	  vs	  

T/NT	  ≥2,5	  35s	  

p=0,04	  

Ti
em

po
	  li
br
e	  
de

	  p
ro
gr
es
ió
n	  

Semanas	  

GTVMET	  ≥9cc	  24	  s	  
vs.	  	  

GTVMET	  <9cc	  42	  s	  

Ti
em

po
	  li
br
e	  
de

	  p
ro
gr
es
ió
n	  

p=0,002	  

Semanas	  

Subtotal	  20s	  vs	  
Total	  35s	  	  

p=0,007	  

Semanas	  



Supervivencia	  Global	  

A.	  Univariable	   A.	  MulOvariable	  Ajustado	  

Variables	   HR	  (95%	  CI)	   Valor	  p	   HR	  ajustado	  (IC	  95%)	   Valor	  p	  

GTVMET	   1.00	  (0.99-‐1.01)	   0.7	   1.00	  (0.98-‐1.02)	   0.3	  

GTVMET	  ≥9/<9cc	   0.90	  (0.45-‐1.80)	   0.7	   1.27	  (0.53-‐3.05)	   0.6	  

GTVGd	   1.00	  (0.99-‐1.01)	   0.8	   1.00	  (0.99-‐1.01)	   0.5	  

GTVGd	  ≥40/<40cc	   1.40	  (0.67-‐2.80)	   0.4	   0.48	  (0.21-‐1.00)	   0.086	  

T/NT	   1.00	  (0.74-‐1.40)	   0.9	   1.05	  (0.77-‐1.45)	   0.7	  



Índice	  T/NT	  y	  Supervivencia	  Global	  

SG	  <14m	   SG	  ≥14m	  

T/NT	  <2,5	   6	   22	  

T/NT	  ≥2,5	   13	   9	  

p=0,6	  

	  p=0,006	  Su
pe

rv
iv
en

ci
a	  
Gl
ob

al
	  

Meses	  

T/NT<2,5	  20,4s	  
	  vs	  

T/NT	  ≥2,5	  35s	  

Meses	  



Dose	  painOng	  por	  contornos	  

Ling	  et	  al.	  en	  2000	  
Prescripción	  de	  una	  dosis	  alta	  y	  homogénea	  en	  
una	  parte	  del	  GTV	  definido	  por	  una	  imagen	  
funcional	  
	  

Ling	  CC,	  et	  al.	  Int	  J	  Radiat	  Oncol	  Biol	  Phys	  2000	  



Radioterapia	  de	  intensidad	  modulada	  
IMRT	  

La	  IMRT	  se	  basa	  en	  una	  distribución	  de	  dosis	  no	  
homogénea	  

Preservación	  de	  tejido	  sano	  de	  altas	  de	  dosis	  de	  RT	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  	  	  	  	  	  	  	  IMRT	  

Intensidad	  NO	  UNIFORME	  



Biological	  target	  volume	  (BTV)	  
A	  subvolume	  of	  the	  GTV	  that	  is	  
more	  radioresistant	  than	  the	  
rest	  of	  the	  GTV	  either	  due	  to	  
hypoxia,	  fast	  proliferakon,	  high	  
density	  of	  cancer	  stem	  cells,	  or	  
other	  biological	  properkes.	  



Dose	  painOng	  por	  números	  



Procedimiento 



70	   70	   70	   70	   70	   70	  

70	   70	   70	   70	   70	   70	  

70	   70	   70	   70	   70	   70	  

70	   70	   70	   70	   70	   70	  

70	   70	   70	   70	   70	   70	  

70	   70	   70	   70	   70	   70	  

Dosis homogénea Dose painting por contornos Dose painting por números 

70	   70	   70	   70	   70	   70	  

70	   70	   70	   70	   70	   70	  

70	   80	   80	   80	   80	   70	  

70	   80	   80	   80	   80	   70	  

70	   80	   80	   70	   70	   70	  

70	   80	   80	   70	   70	   70	  

70	   75	   80	   70	   70	   80	  

80	   70	   70	   80	   75	   70	  

70	   85	   80	   80	   80	   70	  

70	   80	   85	   85	   85	   70	  

70	   80	   85	   70	   75	   75	  

80	   85	   85	   70	   70	   80	  



AdapOve	  radiaOon	  therapy	  



FET-‐PET	  
(18F-‐fluoroethyltyrosine)	  	  

	  



respectively. Reconstructed images (decoupling map) using
the decoupling score enabled improved visualisation of
glioma extent (Figure 5). These findings show that combi-
nation mapping provides more reliable indication of ma-
lignant cell extent, which should, theoretically, offer an
improved basis for surgical and radiotherapy planning.

Imaging Tumour Relationships to White Matter and Grey
Matter Structures

A considerable amount of work has been published using
advanced functional brain imaging methods to identify the

relationships between tumour, eloquent cortex and major
white matter pathways. Although it is often impossible to
avoid including major white matter tracts in the radio-
therapy field, pretherapy mapping may allow modification
of treatment planning in an attempt to reduce morbidity.
The identification of functional cortical areas using func-
tional MRI (fMRI) has been well described and is relatively
established in neurosurgical practice [55]. DTI allows visu-
alisation of major white matter tracts by measuring the
anisotropic movement of water [56]. Although a range of
methods has been developed to image the distribution and
position of white matter tracts, development of a robust

Fig 3. Images from a patient with glioblastoma: (A) postoperative magnetic resonance imaging (MRI), (B) 18F-fluoroethyltyrosine-positron
emission tomography (FET-PET), (C) volumes of contrast enhancement on MRI (white area) and FET volume (red area) shown together. MRI
shows contrast enhancement around the resection cavity. FET-PET shows a small residual tumour that is only partly congruent with the contrast
enhancement. Reproduced with permission from [48].

Fig 4. Malignant glioma showing peripheral contrast enhancement around resection cavity on magnetic resonance imaging (MRI). 18F-fluo-
roethyltyrosine-positron emission tomography (FET-PET) shows metabolically active parafalcine tumour. Modifications of the MRI-based clinical
target volume (green) with integration of the FET areas (red). Reproduced with permission from [53]. Note that on the FET-PET image the tumour
appears to extend through the falx to the contralateral hemisphere. This probably reflects the relatively poor spatial resolution of PET compared with
MRI, suggesting that PETcan help identifymetabolically active areas, but should complement other imagingmodalitieswith greater spatial resolution.

G.A. Whitfield et al. / Clinical Oncology 26 (2014) 364e376370

-‐  18F	  mayor	  vida	  media	  
-‐  RM	  vs	  FET-‐PET	  ha	  mostrado	  diferencias	  entre	  los	  volúmenes	  en	  relación	  	  

	  con	  la	  extensión	  tumoral	  
-‐  Correlación	  histológica:	  S	  del	  93%	  y	  una	  E	  94%	  
-‐  Puede	  predecir	  la	  respuesta	  al	  tratamiento	  
	  

Pauleit.	  Brain	  2005	  
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Indicador	  de	  tumor	  residual	  postcirugía	  con	  valor	  
pronóskco	  en	  OS	  y	  DFS	  

in the presence of significant tumour cell burden and 11C-
methionine uptake and 5-ALA-induced fluorescence have
been shown to act as independent indices for tumour cell
density [42]. Methionine PET has been extensively studied
as a diagnostic modality, a grading tool, a prognostic indi-
cator and as an indicator of tumour extent for radiotherapy
planning [43]. Tumour delineation using MET-PET showed
that tumour volume definitionwas improved in 88% of low-
grade and 78% of high-grade tumours [44] and the spatial
extent of increased uptake is larger than that seen onMRI in
about 70% of cases and equal in the remaining 30% [45]. A
number of subsequent studies have supported the sugges-
tion that MET-PET provides a more accurate radiotherapy
planning tool than computed tomography or MRI [43,46].

The use of FET is increasingly popular principally because
the longer half-life of the 18F label makes the logistics far
more acceptable. A number of studies have shown that FET-
PET, combined with MRI, improves the assessment of gli-
oma for both neurosurgery and radiotherapy planning.
Histological correlation studies of stereotactic brain bi-
opsies compared with MRI and FET-PET showed that MRI
had a sensitivity of 96% for detecting tumour tissue, but a
specificity of only 53%. The combination of MRI and FET-PET
yielded a sensitivity of 93% and a specificity of 94% [47]. FET-
PET has been studied as an indicator of postsurgical residual
tumour volume and was found to have a strong prognostic
effect on both overall survival and disease-free survival,
which was not shown by tumour volume assessed using
gadolinium-enhanced MRI [48] (Figure 2).

This and other work led to interest in FET-PET for
radiotherapy planning. Recent studies [49] have shown that
target volume definition for malignant gliomas varies
significantly depending on the imaging modality and on the
analysis technique used to define the tumour margins [51].
The combination of MRI and FET-PET was shown to avoid
large incongruities between standard anatomical MRI and
PET demonstration of tumour extent (Figures 3 and 4).
However, in terms of clinical outcome, a combination of

MRI and FET-PET adapted dose escalation in GBM with a
total dose of 72 Gy based on FET-PET did not lead to any
survival benefit, although no increase in acute or late
toxicity was identified [52].

More recently, Kinoshita et al. [54] developed a novel
image analysis method using matched 18F-FDG and MET-
PET scans to calculate a decoupling score. This score
allowed the detection of specimens with a tumour cell
density of more than 1000/mm2, with a sensitivity and
specificity of 93.5 and 87.5%, respectively, whereas for MET
alone the sensitivity and specificity were 87.0 and 87.5%,

Fig 1. An example of the use of diffusion tensor imaging (DTI) to predict patterns of recurrence. This patient with a glioblastoma developed
localised recurrence whose position was predicted by the DTI. The images show a T2-weighted image of the tumour before radiotherapy (A), a
map of the isotropic component of the DTI carried out at the same time (B) and a T2-weighted image carried out after tumour progression (C).
These images have been co-registered with the isotropic (green) and anisotropic (red) tensor abnormalities. There is a mismatch posteriorly
where the anisotropic abnormality is greater than the isotropic abnormality. Imaging showed recurrence with a localised growth pattern in this
area (C). Reproduced with permission from [33].

Fig 2. KaplaneMeier curves of overall survival in patients with a
postoperative tumour volume on 18F-fluoroethyltyrosine-positron
emission tomography <25 ml (black line) and >25 ml (grey line).
Reproduced with permission from [48].

G.A. Whitfield et al. / Clinical Oncology 26 (2014) 364e376 369
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PrognosOc	   impact	   of	   postoperaOve,	   pre-‐irradiaOon	   18F-‐fluoroethyl-‐l-‐tyrosine	   uptake	   in	  
glioblastoma	  paOents	  treated	  with	  radiochemotherapy	  



Incremento	  de	  dosis	  (72	  
Gy)	  basado	  en	  FET-‐PET	  no	  
mejora	  OS	  pero	  tampoco	  
aumenta	  toxicidad	  

Piroth.	  Strahlenther	  Onkol	  2012	  

FET-PET relapse area and the FET-based 
boost area (PTV-FET(72 Gy)) is difficult to 
define. Thirty-one percent of the relapse 
volume in FET-PET covered the initial 
FET-PET positive area.

Toxicity

Except for the obligatory partial alopecia, 
no radiotherapy-related side effects grade 
III/IV were observed. No brain necrosis 
based on MR and clinical criteria [3] was 
observed.

In 2 patients (9.1%), pseudoprogres-
sion [14] was observed in the MRI, which 
could be confirmed in further MRI and 
FET-PET imaging. Thrombopenia grade 
III was seen in 1 patient. Due to the rou-
tine use of ondansetron, no relevant side 
effects from nausea and vomiting after 
chemotherapy were recorded.

The MMSE scores showed no signifi-
cant changes over time (p = 0.65, Kendall 
W-test) (. Tab. 4).

There were no relevant changes in the 
EORTC QLQ-C30 and QLQ-Brain20 
questionnaires. Exemplarily, the overall 
health (QLQ-C30, question no. 29) and 
overall quality of life (QLQ-C30, ques-
tion no. 30), scored by the patients them-
selves, did not differ significantly over 
time (p = 0.8 and 0.3; Kendall W-test; 
. Tab. 4).

Discussion

Despite multimodality treatment, the 
prognosis for patients with glioblastoma 
is poor and a local relapse or progression 
is observed in 80–90% of patients [5, 12, 
15]. Both the relapse pattern and the dose–
response relationship support the idea of 

locally restricted dose escalation. Sever-
al, mostly small clinical dose escalation 
studies were performed in recent years, 
with partly promising, but also incon-
sistent results [30, 31]. The phase I study 
RTOG 98–03 was conducted to evaluate 
four dose levels up to 84 Gy [27]. The 84-
Gy dose level revealed the highest medi-
an survival but with respect to the mark-
edly increased late CNS toxicity a maxi-
mum tolerated dose of 78 Gy was consid-
ered to be optimal by the authors. In the 
RTOG 0023 phase II trial, a weekly stereo-
tactic boost up to 70–78 Gy was given to 
76 patients during standard radiotherapy 
[4]. Compared to historical data, no prog-
nostic advantage could be demonstrated 
in this multi-institutional trial.

In a recent phase II study that applied 
a fractionated stereotactic boost up to 
69.4 Gy (fraction dose 2.5 Gy) after 50.4–
59.4 Gy standard radiotherapy with temo-
zolomide, the mean OS and PFS of 28 and 
10 months were reported [1]. The favor-
able results of this first prospective trial 
using a stereotactic boost with simultane-
ous temozolomide suggest the important 
role of combined treatment.

Only one randomized trial—the 
RTOG 93-05 trial—validates the prog-
nostic impact of a percutaneously admin-
istered local restricted dose escalation in 
the postoperative course patients with 
GBM. In this trial, a 15–24 Gy radiosurgi-
cal boost (SRS) followed immediately by 
60 Gy standard course radiotherapy ver-
sus only standard course radiotherapy was 
used [24]. The implementation of the SRS 
boost could not improve the outcome, 
neither in OS nor in the patterns of failure. 
The authors stated, that “these results are 
not completely surprising, because GBMs 
are inherently infiltrating neoplasms”.

PET using radiolabeled amino acids 
such as FET reflect brain tumor tissue 
more accurately than morphological im-
aging techniques like MRI or CT [11, 16]. 
This observation is supported by the find-
ing that postoperative volume of GBM in 
FET-PET is a highly significant prognos-
tic parameter [19]. Furthermore, FET-PET 
has been shown to be a sensitive tool to 
predict treatment response in GBM pa-
tients at an early stage of disease [18]. 
In a previous study, Grosu et al. [8] ob-
served a significant survival benefit in re-

0

0.0

0.2

0.4

0.6

0.8

1.0

6 12 18 24 30 36

Cu
m

ul
at

iv
e 

ov
er

al
l s

ur
vi

va
l

Months

Fig. 2 8 Kaplan–Meier curve of overall survival
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Fig. 3 8 Kaplan–Meier curve of disease-free 
survival

Fig. 1 9 Radiation 
treatment plan with 
PTV-FET(72 Gy) (green 
line), PTV-MR(60 Gy) (red 
line), 72 Gy isodosis 
(yellow area), and 60 
Gy isodosis (dark red) 
as dose wash image
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Conclusiones	  
	  
1.  El	  GTV	  MET-‐PET	  en	  la	  mayoría	  de	  los	  casos	  está	  incluido	  en	  el	  GTV	  T2-‐

FLAIR	  y	  por	  lo	  tanto	  no	  modifica	  el	  CTV	  aunque	  no	  siempre	  es	  así	  
2.  El	  PET-‐MET	  idenkfica	  áreas	  adicionales	  de	  alto	  riesgo	  silentes	  en	  T1-‐Gad	  

que	  pueden	  ser	  subsidiarias	  de	  dosis	  más	  altas	  de	  irradiación	  (BTV)	  
3.  El	  índice	  T/NT	  se	  asocia	  con	  la	  topogra�a	  de	  la	  recurrencia	  y	  la	  SLP	  
4.  La	  introducción	  de	  nuevas	  técnicas	  de	  imagen	  como	  el	  PET-‐MET	  deben	  

ser	  evaluadas	  de	  forma	  prospeckva	  para	  estudiar	  su	  impacto	  en	  el	  
control	  local	  de	  la	  enfermedad.	  


