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•  La# radioterapia# è# parte# integrante# nel# tra/amento# dei#
tumori# cerebrali,# tu/avia# è# associata# al# rischio# di# indurre#
effe9#dannosi#ai#tessu:#sani#circostan:#la#lesione#

#
•  Le#cara/eris:che#morfologiche#della#necrosi#radio<indo/a#e#

la# sintomatologia# ad# essa# correlata# possono# essere# molto#
simili#a#quelle#riscontrate#in#presenza#di#recidiva#tumorale#e#
quindi# può# risultare# difficile# differenziare# queste# due#
condizioni# nel# corso# del# follow<up# di# pazien:# tra/a:# con#
radioterapia#
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•  Inoltre,# le# alterazioni# osservate#
all’imaging#sono#spesso#cos:tuite#
da# un# quadro# misto# di# tessuto#
tumorale# in# crescita# e# di# tessuto#
necro:co#e#questo# rende#ancora#
p i ù # c o m p l e s s a # l a # l o r o#
cara/erizzazione##



•  E’# fondamentale# quindi# per# il# clinico# essere# in#
grado# di# effe/uare# una# diagnosi# differenziale# in#
quanto# qualsiasi# cambiamento# nelle# immagini#
radiologiche# sugges:vo# per# progressione# di#
mala9a# può# essere# invece# dovuto# ad# un# danno#
radio<indo/o# e# di# conseguenza# una# diagnosi#
precisa# è# necessaria# per# impostare# una# corre/a#
strategia#terapeu:ca##
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•  L’incidenza# di# lesioni# radio<
indo/e#è#compresa#tra#il#3#ed#il#
24%# per# i# glioblastomi# ed# è#
approssima:vamente# il# 25%#
per#le#metastasi#irradiate##
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•  Le#alterazioni#osservate#all’imaging#convenzionale#nei#primi#
3<6# mesi# dal# termine# del# tra/amento# radioterapico# in#
pazien:# con# glioblastoma# sono# indicate# col# termine# di#
pseudoprogressione# e# possono# risultare# indis:nguibili# da#
una#reale#progressione#di#mala9a##

#
•  I# fa/ori# associa:# ad# una# aumentata# incidenza# di#

pseudoprogressione# sono# la#presenza#della#me:Iazione#del#
promotore# del# gene#MGMT# e# il# tra/amento# concomitante#
con#Temozolomide#

Pseudoprogressione 
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•  Lo# sviluppo# di# radionecrosi# dopo# radiochirurgia# per#
metastasi#cerebrali#è#invece#solitamente#tardivo,#con#
un# picco# di# incidenza# intorno# ai# 12# mesi# dopo# il#
tra/amento,#anche#se#può#variare#da#pochi#mesi#fino#
a#parecchi#anni##

#
•  La# comparsa# di# radionecrosi# dipende# da# diversi#

fa/ori# lega:#al#paziente#ed#al# tra/amento,# come# la#
dose# totale,# il# volume# della# lesione,# il# volume# di#
tessuto#cerebrale#sano#irradiato#e#l’associazione#con#
chemioterapia#concomitante#

Radionecrosi 
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•  T2# FLAIR:# iperintensità#
d i # s e g n a l e# d e l l a#
sostanza#bianca#

RM convenzionale 
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•  T1# post# MdC:# aumento#
di#presa#di#contrasto#del#
tumore# o# comparsa# di#
lesioni# occupan:# spazio#
che# potenziano# dopo#
c o n t r a s t o # e # c h e#
presentano# un’area#
necro:ca#centrale#



•  Le# lesioni# possono# comparire# anche# a# distanza#
dal#sito#iniziale#tumorale#irradiato#e#sono#spesso#
accompagnate# da# intenso# edema# vasogenico#
che#contribuisce#all’effe/o#massa#

#
•  La# presa# di# contrasto# è# dovuta# ad# una# ro/ura#

della# barriera# ematoencefalica# secondaria# al#
danno#all’endotelio#indo/o#dall’irradiazione##
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RM convenzionale 



•  In# generale,# le# cara/eris:che# morfologiche#
delle# lesioni# radionecro:che# sono# molto#
simili#a#quelle#di#una#recidiva#tumorale#e#per#
tale# mo:vo# le# tecniche# di# risonanza#
convenzionale#hanno#una#capacità#limitata#di#
discriminare# tra# progressione# di# mala9a# e#
necrosi#radio<indo/a##
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RM convenzionale 



•  Per#una#precisa#diagnosi#differenziale,#quindi,#
è# necessario# integrare# le# informazioni#
mor fo log i che# o/enute# da l l ’ imag ing#
convenzionale# con# le# informazioni# funzionali#
che# è# possibile# ricavare# dall’u:lizzo# delle#
sequenze# di# risonanza# non# convenzionale#
come# la# diffusione,# la# perfusione# e# la#
spe/roscopia##
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•  La# risonanza# pesata# in# diffusione,# a/raverso# il#
calcolo# del# coefficiente# di# diffusione# apparente#
(ADC),# perme/e# di# studiare# il# movimento#
browniano# delle# molecole# di# acqua# all’interno#
dei#tessu:#biologici##

#
•  La# diffusione# rifle/e# il# livello# di# cellularità# del#

tessuto:# le# molecole# di# acqua# diffondono# più#
lentamente#negli#spazi#intracellulari#rispe/o#allo#
spazio#extracellulare#

Diffusione 
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•  La# recidiva# tumorale,# cara/erizzata#da#elevata#
cellularità# e# rido/o# contenuto# di# acqua# negli#
spazi#inters:ziali,#presenta#valori#di#ADC#minori#
rispe/o#alla#necrosi#radio<indo/a##

#
•  Tu/avia# i# valori# di# ADC# presentano# u:lità#

limitata# in# presenza#di# quadri#mis:#di# recidiva#
tumorale#e#radio<necrosi##
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GBM: Progressione dopo RT/TMZ 

GBM: Pseudoprogressione dopo RT/TMZ##

Pre-RT Post-RT Diffusione 



Metastasi cerebrale trattata con SRS: radionecrosi 

Metastasi cerebrale trattata con SRS: progressione 

Pre-RT Post-RT Diffusione 



•  La# risonanza# di# perfusione# studia# il# volume#
ed#il#flusso#di#sangue#al#tessuto#cerebrale#

#
•  rCBV# (volume# ema:co# cerebrale# rela:vo):#
rapporto#tra#il#volume#ema:co#nella#lesione#
e#nella#sostanza#bianca#controlaterale#

Perfusione 
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•  La# recidiva# tumorale#è# cara/erizzata#dalla#
formazione# di# una# fi/a# rete# di# vasi#
sanguigni# con# decorso# anomalo# e# con#
aumentata# permeabilità# e# questa# intensa#
neoangiogenesi#è#associata#a#valori#eleva:#
di#rCBV 
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Metastasi cerebrale trattata con SRS: progressione 

Pre-RT Post-RT Perfusione 

GBM: Progressione dopo RT/TMZ 



•  Il#tessuto#necro:co,#invece,#presenta#rido/a#
perfusione# a# causa# del# danno# radio<indo/o##
all’endotelio# vascolare# e# della# necrosi#
coagula:va,#con#conseguen:#minor#valori#di#
rCBV#

Perfusione 
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Pre-RT Post-RT Perfusione 

GBM: Pseudoprogressione dopo RT/TMZ##

Metastasi cerebrale trattata con SRS: radionecrosi 



•  L a# s p e / r o s c o p i a# m i s u r a# l a#
composizione# rela:va# di# differen:#
metaboli:# cerebrali# tra# cui# l’N<
ace:laspartato# (NAA),# la# colina,# la#
crea:na,#il#la/ato#ed#i#lipidi##

Spettroscopia 
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•  Un# aumento# nei# livelli# di# colina# e# una#
riduzione# dei# livelli# di# NAA# e# crea:na#
all’interno# della# lesione# sono# sugges:vi# di#
a9vità#tumorale#

Spettroscopia 

992  A.  Raimbault  et  al.

Figure 6. Spectroscopy. a: temporal radionecrosis after whole brain irradiation (monovoxel spectroscopy, TE: 135 ms): Cho/NAA ratio
1.15, inverted lactate peak present. b: tumor recurrence (monovoxel spectroscopy, TE: 135 ms): Cho/NAA ratio 2.3.

presence  of  co-existent  lactate  because  of  anaerobic  glycol-
ysis  of  pyruvate  (2.37  ppm)  or  succinate  (2.4  ppm)  as  is  seen
in  abscesses.  Whilst  tumor  recurrences  are  also  associated
with  a  fall  in  NAA,  they  do  however  display  a  large  rise  in
the  Cho  peak  because  of  cellular  proliferation  (Fig.  6b).

The  most  widely  used  ratios  in  the  literature  are
Cho/Cr  and  Cho/NAA  [55,57]  (Table  3).  Elias  et  al.  [58]

showed  that  non-standardized  ratios  (with  the  lesion
metabolites  used  as  the  denominator)  correlated  far  more
strongly  with  the  diagnosis  than  standardized  ratios  (the
metabolite  in  the  ‘‘normal’’  contralateral  hemisphere  used
as  the  denominator).  Cutoff  values  vary  depending  on
the  study  (from  0.7  to  2  for  Cho/Cr).  These  differ-
ences  are  probably  due  to  small  numbers,  heterogeneous

Table  3  Spectroscopic  studies  for  the  differential  diagnosis  between  radionecrosis  and  recurrence  of  a  high-grade  glial
lesion.

MF  Spectroscopy  Population  studies  References  Studies

No.  of  patients  RN  R

Kimura  et  al.,
2001

1.5T  Monovoxel  26  7  19  Cho/Cr  <  2.48  Cho/Cr  >  2.38

Schlemmer
et  al.,  2001

1.5T  Monovoxel  50  (66  samples)  32  34  ItCho/ItCr  =  1.26
±  0.61
ItCho/INAA  =  1.29
±  1.17

ItCho/ItCr  =  2.30
±  1.2
ItCho/INAA  =  3.44
±  2.76

Rock  et  al.,  2002
[59]

1.5T  Multivoxels  Total  =  27  (42  spectros)  15  27  Cho/nCr  < 0.89
Cho/nCho  <  0.66
Lip-Lac/Cho  >
1.36
Lip-Lac/nCr  >  2.84
Lip-Lac/Cho  <
0.75

Cho/nCr  >  1.79

Rock  et  al.,  2004  1.5T  Multivoxels  18  (65  spectros)  33  28  Cho/NAA  <  0.2
NAA/nCr  >  1.56
NAA/Cho  >  1.32

Webright  et  al.,
2005  [60]

1.5T  Multivoxels  30  12  18  rCho/Cr  =  1.52
rCho/NAA  =  1.31
rmean
NAA/Cr  =  1.22

rCho/Cr  =  2.52
rCho/NAA  =  3.48
rmoy/NAA/

Zeng  et  al.,  2006
[29]

3T  Multivoxels  55  23  32  Cho/Cr  =  1.61
Cho/NAA  =  1.55
Lac/Cr  =  0.45
Lip/Cr  =  0.54
NAA/Cr  =  1.1

Cho/Cr  =  2.82
Cho/NAA  =  3.52

Zeng  et  al.,  2007
[57]

3T  Multivoxels  28  9  19  Cho/NAA  and
Cho/Cr  >  1.71

Smith  et  al.,  2009
[56]

1.5T  Multivoxels  33  13  20  Cho/NAA  <  1.1  Cho/NAA  >  2.3

2#

Raimbault#A#et#al.#Diagnos:c#and#Interven:onal#Imaging#(2014)#95,#985—1000#



•  La# necrosi# indo/a# dalla# radioterapia# è# associata#
ad# un# aumento# nella# concentrazione# dei# lipidi# e#
dei# la/a:# che# vengono# rilascia:# in# seguito# a#
distruzione# cellulare# e# sono#quindi# normalmente#
assen:#nei#tessu:#cerebrali#sani#

Spettroscopia 
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Figure 6. Spectroscopy. a: temporal radionecrosis after whole brain irradiation (monovoxel spectroscopy, TE: 135 ms): Cho/NAA ratio
1.15, inverted lactate peak present. b: tumor recurrence (monovoxel spectroscopy, TE: 135 ms): Cho/NAA ratio 2.3.

presence  of  co-existent  lactate  because  of  anaerobic  glycol-
ysis  of  pyruvate  (2.37  ppm)  or  succinate  (2.4  ppm)  as  is  seen
in  abscesses.  Whilst  tumor  recurrences  are  also  associated
with  a  fall  in  NAA,  they  do  however  display  a large  rise  in
the  Cho  peak  because  of  cellular  proliferation  (Fig.  6b).

The  most  widely  used  ratios  in  the  literature  are
Cho/Cr  and  Cho/NAA  [55,57]  (Table  3).  Elias  et  al.  [58]

showed  that  non-standardized  ratios  (with  the  lesion
metabolites  used  as  the  denominator)  correlated  far  more
strongly  with  the  diagnosis  than  standardized  ratios  (the
metabolite  in  the  ‘‘normal’’  contralateral  hemisphere  used
as  the  denominator).  Cutoff  values  vary  depending  on
the  study  (from  0.7  to  2  for  Cho/Cr).  These  differ-
ences  are  probably  due  to  small  numbers,  heterogeneous
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lesion.
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1.36
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0.75

Cho/nCr  >  1.79
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•  In#aggiunta#alla#risonanza,#le#tecniche#di#medicina#nucleare,#
ed# in# par:colare# la# tomografia# ad# emissione# di# positroni#
(PET),# forniscono# ulteriori# informazioni# u:li# nella# diagnosi#
differenziale# tra# progressione# tumorale# e# necrosi# radio<
indo/a##

#
•  Il# razionale# per# l’u:lizzo# delle# metodiche# di# medicina#

nucleare# risiede# nel# fa/o# che# l’aumentata# a9vità#
metabolica#associata#alla#crescita#tumorale#si#manifesta#con#
un# aumentato# uptake# del# tracciante# rispe/o# a# quanto#
osservato#nelle#lesioni#radionecro:che#

PET 
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•  Tra# i# traccian:# PET,# il# 18F# fluorodesossiglucosio# (FDG),# un#
analogo#del#glucosio,#è#stato#a#lungo#u:lizzato#nella#diagnosi#
e#nel#follow<up#di#pazien:#con#tumori#cerebrali##

#
•  A/ualmente#il#suo#ruolo#nell’imaging#cerebrale#è#limitato,#in#

quanto#l’elevato#uptake#di#glucosio#da#parte#della#corteccia#
cerebrale#rende#difficile#dis:nguere#il#tessuto#tumorale#dalla#
sostanza#grigia#normale#circostante##
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•  Di# maggior# u:lità# si# sono# rivela:# gli# analoghi# degli#
aminoacidi,# come# la# 11C#me:onina# (MET),# la# 18F# fluoroe:l<
:rosina# (FET)# e,# più# recentemente,# la# 18F# fluoro<diidrossi<
fenilalanina#(F<DOPA)#

#
•  La# proliferazione# cellulare# tumorale# è# associata# ad#

un’aumentata# sintesi# proteica# e# ad# un’aumentata#
espressione#dei#trasportatori#di#aminoacidi#sulla#membrana#
con# conseguente# maggior# uptake# del# tracciante# rispe/o# a#
quanto#osservato#in#un#tessuto#sano#normale#o#in#un#tessuto#
necro:co##
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rent brain metastasis. The diagnostic accuracy was 92% for
curve patterns II and III versus curve pattern I (sensitivity,
84%; specificity, 100%; P , 0.0001).

Combined ROC Analysis of TBRmean and
Curve Pattern
The highest accuracy (93%) in diagnosing recurrent

metastasis was obtained when both the TBRmean was
greater than 1.9 and the curve pattern was II or III (AUC,
0.959 6 0.03; sensitivity, 95%; specificity, 91%; P ,
0.001) (Table 2). Figure 2 shows the ROC curves for the
TBRmax, TBRmean, and combined use of TBRmean and
curve pattern for differentiation of local recurrent brain
metastasis from radiation necrosis.

DISCUSSION

Cerebral metastases affect 20%–30% of all cancer
patients and are the second most common form of cerebral

neoplasm in adults. Today, the use of SRS is a widely ac-
cepted treatment option for cerebral metastases (25), either
as a single modality or in combination with WBRT. Radia-
tion-induced changes (i.e., radiation necrosis) on follow-up
MRI studies including alterations in T2-weighted images
and changing patterns of contrast enhancement have been
reported in about 20% of all patients and can often not be
distinguished from local tumor recurrence (26–28). The cur-
rent gold standard for distinguishing tumor recurrence from
radiation necrosis remains biopsy, which has an accuracy of
more than 95% (29,30). Biopsy, however, is invasive and has
potential complications such as infection, procedure-associ-
ated new neurologic problems, and hematoma, although the
risk of permanent complications is relatively low (29,30).
Therefore, a noninvasive imaging technique is desirable to
derive valuable additional information.

As outlined here, the use of standard 18F-FDG PET for
the differentiation of tumor recurrence from radiation ne-

FIGURE 1. Examples of kinetics of radiation necrosis (pattern I) and recurrent brain metastasis (patterns II and III). All studies show
pathologic contrast enhancement on T1-weighted MRI (minimal enhancement in patient 9) and corresponding increased 18F-FET uptake
(TBRmean and TBRmax values are given below PET images). Dynamic evaluation of patient 24 (58-y-old woman 32 mo after SRS [brain
metastasis of breast cancer, ductal carcinoma]) shows constantly increasing 18F-FET uptake until end of acquisition. TTP is 45 min.
Diagnosis of radiation necrosis was based on clinical course. Dynamic evaluation of patient 12 (50-y-old man 16 mo after SRS [brain
metastasis of malignant melanoma]) shows early peak of 18F-FET uptake (TTP 5 17 min) followed by stable uptake until end of acquisition.
Diagnosis of brain metastasis was based on clinical course. Dynamic evaluation of patient 9 (17-y-old girl, MRI findings and clinical course
suggestive of first manifestation of metastatic brain tumor) shows early peak of 18F-FET uptake after 4 min followed by constant decline of
uptake until end of acquisition. Diagnosis of brain metastasis was confirmed histopathologically (Ewing sarcoma). TAC 5 time–activity curve.
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Role of O-(2-18F-Fluoroethyl)-L-Tyrosine PET for
Differentiation of Local Recurrent Brain Metastasis from
Radiation Necrosis

Norbert Galldiks1,2, Gabriele Stoffels1,3, Christian P. Filss1,3, Marc D. Piroth3,4, Michael Sabel5, Maximilian I. Ruge6,
Hans Herzog1,3, Nadim J. Shah1,3, Gereon R. Fink1,2, Heinz H. Coenen1,3, and Karl-Josef Langen1,3

1Institute of Neuroscience and Medicine (INM-3,-4,-5), Forschungszentrum Jülich, Jülich, Germany; 2Department of Neurology,
University of Cologne, Cologne, Germany; 3JARA-Brain Section, Jülich Aachen Research Alliance (JARA), Jülich, Germany;
4Department of Radiation Oncology, RWTH Aachen University Hospital, Aachen, Germany; 5Department of Neurosurgery, University
Hospital Düsseldorf, Düsseldorf, Germany; and 6Department for Stereotaxy and Functional Neurosurgery, University of Cologne,
Cologne, Germany

The aim of this study was to investigate the potential of
O-(2-18F-fluoroethyl)-L-tyrosine (18F-FET) PET for differentiating
local recurrent brain metastasis from radiation necrosis after
radiation therapy because the use of contrast-enhanced MRI
for this issue is often difficult. Methods: Thirty-one patients
(mean age 6 SD, 53 6 11 y) with single or multiple contrast-
enhancing brain lesions (n 5 40) on MRI after radiation therapy
of brain metastases were investigated with dynamic 18F-FET
PET. Maximum and mean tumor-to-brain ratios (TBRmax and
TBRmean, respectively; 20–40 min after injection) of 18F-FET up-
take were determined. Time–activity curves were generated,
and the time to peak (TTP) was calculated. Furthermore,
time–activity curves of each lesion were assigned to one of
the following curve patterns: (I) constantly increasing 18F-FET
uptake, (II) 18F-FET uptake peaking early (TTP # 20 min) fol-
lowed by a plateau, and (III) 18F-FET uptake peaking early
(TTP # 20 min) followed by a constant descent. The diagnostic
accuracy of the TBRmax and TBRmean of 18F-FET uptake and the
curve patterns for the correct identification of recurrent brain
metastasis were evaluated by receiver-operating-characteristic
analyses or Fisher exact test for 2 · 2 contingency tables using
subsequent histologic analysis (11 lesions in 11 patients) or
clinical course and MRI findings (29 lesions in 20 patients) as
reference. Results: Both TBRmax and TBRmean were signifi-
cantly higher in patients with recurrent metastasis (n 5 19) than
in patients with radiation necrosis (n 5 21) (TBRmax, 3.2 6 0.9
vs. 2.3 6 0.5, P , 0.001; TBRmean, 2.1 6 0.4 vs. 1.8 6 0.2, P ,
0.001). The diagnostic accuracy of 18F-FET PET for the correct
identification of recurrent brain metastases reached 78% using
TBRmax (area under the ROC curve [AUC], 0.822 6 0.07; sen-
sitivity, 79%; specificity, 76%; cutoff, 2.55; P 5 0.001), 83%
using TBRmean (AUC, 0.851 6 0.07; sensitivity, 74%; specificity,
90%; cutoff, 1.95; P , 0.001), and 92% for curve patterns II
and III versus curve pattern I (sensitivity, 84%; specificity,
100%; P , 0.0001). The highest accuracy (93%) to diagnose

local recurrent metastasis was obtained when both a TBRmean

greater than 1.9 and curve pattern II or III were present (AUC,
0.959 6 0.03; sensitivity, 95%; specificity, 91%; P , 0.001).
Conclusion: Our findings suggest that the combined evaluation
of the TBRmean of 18F-FET uptake and the pattern of the time–
activity curve can differentiate local brain metastasis recurrence
from radionecrosis with high accuracy. 18F-FET PET may thus
contribute significantly to the management of patients with
brain metastases.

Key Words: radiation necrosis; stereotactic radiosurgery; recurrent
brain metastasis; amino acid PET; 18F-fluoroethyl-L-tyrosine (18F-
FET)

J Nucl Med 2012; 53:1367–1374
DOI: 10.2967/jnumed.112.103325

The improvement in the treatment of solid tumors has
led to an increasing number of patients who experience
brain metastases during the course of the disease. Stereo-
tactic radiosurgery (SRS) and whole-brain radiation therapy
(WBRT) are commonly used to treat brain metastases, and
a growing percentage of patients live long enough to expe-
rience a local relapse of these metastases. Thus, the number
of patients experiencing local recurrence of previously ir-
radiated brain metastases can be expected to increase.
Contrast-enhanced MRI is the method of choice for the
evaluation of metastatic brain tumors. However, in many
patients, the differentiation of local recurrent brain metas-
tasis from radiation necrosis after radiotherapy (e.g., SRS
or WBRT) using contrast-enhanced MRI is difficult (1).
This problem necessitates novel diagnostic methods for
the follow-up and management of patients with recurrent
brain metastases.

In addition to MRI, PET using 18F-FDG (2) has been
considered for the evaluation of metastatic brain tumors,
but the high physiologic glucose consumption of the brain
and the variable glucose uptake of metastatic brain lesions
limit its use. For example, in a study of 48 patients with
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tumor-to-brain ratio (TBR) of 1.6 or more. This cutoff is based on
a biopsy-controlled study of cerebral gliomas in which a lesion-to-
brain ratio of 1.6 best separated tumoral from peritumoral tissue
(24). Furthermore, we determined the longest diameter of contrast
enhancement on MRI and of 18F-FET uptake (longest diameter of
the tumor ROI) and the area of the tumor ROI (mm2) on 18F-FET
PET scans.

Mean and maximum TBR (TBRmean and TBRmax, respectively)
were calculated by dividing the mean and maximum SUV of the
tumor ROI by the mean SUVof normal brain in the 18F-FET PET
scan. Time–activity curves were generated by application of the
ROIs of the lesions (20–40 min) to the entire dynamic dataset.
Time to peak (TTP; time in minutes from the beginning of the
dynamic acquisition up to the maximum SUV of the lesion) was
determined. Furthermore, the time–activity curves of each lesion
were assigned to one of the following curve patterns: (I) constantly
increasing 18F-FET uptake without identifiable peak uptake, (II)
18F-FET uptake peaking early (TTP # 20 min) followed by a pla-
teau, and (III) 18F-FET uptake peaking early (TTP # 20 min)
followed by a constant descent.

Statistical Analyses
Descriptive statistics are provided as mean and SD or as

median and range. To compare 2 groups, the Student t test was
used. The Mann–Whitney rank-sum test was used when variables
were not normally distributed. P values of less than 0.05 were
considered significant. The diagnostic performance of TBR val-
ues to differentiate local recurrent brain metastasis from radia-
tion necrosis was assessed by receiver-operating-characteristic
(ROC) curve analyses using the results of histopathology or of
the clinical course as reference. The diagnostic performance of
curve patterns alone to differentiate local recurrent brain metas-
tasis from radiation necrosis was evaluated by Fisher exact test
for 2 · 2 contingency tables.

For the combined ROC analysis of TBRmean and curve patterns,
patient data were assigned to 1 of 3 categories: recurrent metas-
tasis unlikely (TBRmean , optimal cutoff in ROC analysis and
curve pattern I), recurrent metastasis suspected (TBRmean . opti-
mal cutoff or curve pattern II or III), or recurrent metastasis highly
probable (TBRmean . optimal cutoff and curve pattern II or III).

For ROC analyses of TBR values, decision cutoff was con-
sidered optimal when the product of paired values for sensitivity
and specificity reached its maximum. In addition, the area under
the ROC curve (AUC), its SE, and level of significance were
determined as a measure of diagnostic quality. Statistical analysis
was performed using SigmaPlot software (version 11.0; Systat
Software Inc.) and PASW statistics software (release 18.0.3; SPSS
Inc.).

RESULTS

Surgical intervention was performed in 11 patients with
single lesions, and histopathology showed viable tumor tissue
in 6 patients and necrosis with no viable tumor cells in 5
patients. Sixteen lesions in 12 patients without histologic
evaluation were classified as radiation necrosis because the
patients exhibited stable neurologic symptoms and no signif-
icant enlargement of the lesion was observed on follow-up
MR images after a median of 12 mo. Because of clinical
deterioration of neurologic symptoms or progression in size on
contrast-enhanced MRI during follow-up, 13 lesions in 8
patients were classified as recurrent brain metastases (Table 1).

Comparison of Uptake Indices for Recurrent Brain
Metastasis and Radiation Necrosis

The TBRmax and TBRmean were significantly higher in
patients with recurrent metastases (n 5 19) than in patients
with radiation necrosis (n 5 21) (TBRmax, 3.2 6 0.9 vs.
2.3 6 0.5, P , 0.001; TBRmean, 2.1 6 0.4 vs. 1.8 6 0.2,
P , 0.001). No significant size differences between radia-
tion-induced lesions and recurrent metastases (median area
of the tumor ROI, 230 vs. 404 mm2; P 5 0.16) could be
observed. The smallest lesion size on 18F-FET PET was
6 mm (range of longest diameter of tumor ROIs, 6–51 mm).

ROC Analysis of TBR Values
The diagnostic accuracy of 18F-FET PET TBR values for

the correct identification of recurrent brain metastases
reached 78% using TBRmax (AUC, 0.822 6 0.07; sensitiv-
ity, 79%; specificity, 76%; cutoff, 2.55; P 5 0.001) and
83% using TBRmean (AUC, 0.851 6 0.07; sensitivity,
74%; specificity, 90%; cutoff, 1.95; P , 0.001) (Table 2).

Evaluation of Curve Patterns
In 31 patients, time–activity curves of 40 lesions were

assessed. Two lesions were present in 4 patients (patients
16, 17, 22, and 31), 3 lesions in 1 patient (patient 27), and 4
lesions in 1 patient (patient 23) (Table 1). Time–activity
curve pattern I (Fig. 1, patient 24) was found in 24 lesions
(60%) of 21 patients, pattern II (Fig. 1, patient 12) in 10
lesions (25%) of 9 patients, and pattern III (Fig. 1, patient
9) in 6 lesions (15%) of 4 patients (Table 1). A preliminary
analysis of our dataset revealed that kinetic pattern type I
occurred mainly in lesions that had been caused by radiation
necrosis whereas patterns II and III were typical of recur-

TABLE 2
Results of Diagnostic Performance

Identification of
recurrent metastatic

brain tumor TBRmax . 2.55 TBRmean . 1.95

18F-FET kinetic
patterns II and III

18F-FET kinetic patterns II
and III in combination with

TBRmean . 1.95

Sensitivity 79% 74% 84% 95%
Specificity 76% 90% 100% 91%
Accuracy 78% 83% 92% 93%
AUC 6 SE 0.822 6 0.07 0.851 6 0.07 — 0.959 6 0.03
P 0.001 ,0.001 ,0.0001 ,0.001
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Accuracy of F-DOPA PET and perfusion-MRI for differentiating
radionecrotic from progressive brain metastases after radiosurgery
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Abstract
Purpose We assessed the performance of 6-[18F]-fluoro-L-
3,4-dihydroxyphenylalanine (F-DOPA) PET for differentiat-
ing radionecrosis (RN) from tumour progression (PD) in a
population of patients with brain metastases, treated with
stereotactic radiosurgery. The accuracy of F-DOPA PET was
compared with that of perfusion-weighted magnetic reso-
nance (perfusion-MR).
Methods In 42 patients with a total of 50 brain metastases
from various primaries F-DOPA PET/CT was performed be-
cause of suspected radiological progression at the site of
previously irradiated brain metastasis. Several semiquantita-
tive PET parameters were recorded, and their diagnostic ac-
curacy was compared by receiver operating characteristic
curve analyses. The diagnosis was established by either sur-
gery or follow-up. A comparison was made between F-DOPA
PET and perfusion-MR sequences acquired no more than
3 weeks apart.

Results Definitive outcome was available in 46 of the 50
lesions (20 PD, 26 RN). Of the 46 lesions, 11 were surgically
excised while in the remaining 35 lesions the diagnosis was
established by radiological and clinical criteria. The best di-
agnostic performance was obtained using the semiquantitative
PET parameter maximum lesion to maximum background
uptake ratio (SUVLmax/Bkgrmax). With a cut-off value of
1.59, a sensitivity of 90 % and a specificity of 92.3 % were
achieved in differentiating RN from PD lesions (accuracy
91.3%). Relative cerebral blood volume (rCBV) derived from
perfusion-MR was available for comparison in 37 of the 46
metastases. Overall accuracy of rCBV was lower than that of
all semiquantitative PET parameters under study. The best
differentiating rCBV cut-off value was 2.14; this yielded a
sensitivity of 86.7 % and a specificity of 68.2 % (accuracy
75.6 %).
Conclusion F-DOPA PET is a highly accurate tool for differ-
entiating RN from PD brain metastases after stereotactic ra-
diosurgery. In this specific setting, F-DOPA PET seems to
perform better than perfusion-MR.

Keywords Brain metastases . Stereotactic radiosurgery .

Brain radionecrosis . Amino-acid PET . DOPA .

Perfusion-weightedmagnetic resonance

Introduction

Brain metastases have been reported to occur in up to 40 % of
patients with cancer, and treatment options include supportive
care, surgery and radiotherapy [1]. Stereotactic radiosurgery
(SRS) has become an increasingly important treatment option
in the initial management of patients with brain metastases. Its
efficacy, when used alone or in combination with whole-brain
radiation therapy (WBRT), has been demonstrated in several
randomized trials and multi-institutional studies that have
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•  Nei# pazien:# tra/a:# per# tumori# cerebrali,# lo# sviluppo# o#
l’aumento#della# presa#di# contrasto#o# l’aumento#di# volume#
della#lesione#irradiata#possono#essere#il#risultato#di#necrosi#
radio<indo/a,# di# recidiva# tumorale# o# di# una# combinazione#
delle#due##

#
•  E’# fondamentale,# quindi,# per# guidare# le# successive# scelte#

terapeu:che,# effe/uare# una# precisa# diagnosi# differenziale#
ricorrendo#a#tu/e#le#metodiche#di#imaging#necessarie#

Conclusioni 
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Role of O-(2-18F-Fluoroethyl)-L-Tyrosine PET for
Differentiation of Local Recurrent Brain Metastasis from
Radiation Necrosis

Norbert Galldiks1,2, Gabriele Stoffels1,3, Christian P. Filss1,3, Marc D. Piroth3,4, Michael Sabel5, Maximilian I. Ruge6,
Hans Herzog1,3, Nadim J. Shah1,3, Gereon R. Fink1,2, Heinz H. Coenen1,3, and Karl-Josef Langen1,3

1Institute of Neuroscience and Medicine (INM-3,-4,-5), Forschungszentrum Jülich, Jülich, Germany; 2Department of Neurology,
University of Cologne, Cologne, Germany; 3JARA-Brain Section, Jülich Aachen Research Alliance (JARA), Jülich, Germany;
4Department of Radiation Oncology, RWTH Aachen University Hospital, Aachen, Germany; 5Department of Neurosurgery, University
Hospital Düsseldorf, Düsseldorf, Germany; and 6Department for Stereotaxy and Functional Neurosurgery, University of Cologne,
Cologne, Germany

The aim of this study was to investigate the potential of
O-(2-18F-fluoroethyl)-L-tyrosine (18F-FET) PET for differentiating
local recurrent brain metastasis from radiation necrosis after
radiation therapy because the use of contrast-enhanced MRI
for this issue is often difficult. Methods: Thirty-one patients
(mean age 6 SD, 53 6 11 y) with single or multiple contrast-
enhancing brain lesions (n 5 40) on MRI after radiation therapy
of brain metastases were investigated with dynamic 18F-FET
PET. Maximum and mean tumor-to-brain ratios (TBRmax and
TBRmean, respectively; 20–40 min after injection) of 18F-FET up-
take were determined. Time–activity curves were generated,
and the time to peak (TTP) was calculated. Furthermore,
time–activity curves of each lesion were assigned to one of
the following curve patterns: (I) constantly increasing 18F-FET
uptake, (II) 18F-FET uptake peaking early (TTP # 20 min) fol-
lowed by a plateau, and (III) 18F-FET uptake peaking early
(TTP # 20 min) followed by a constant descent. The diagnostic
accuracy of the TBRmax and TBRmean of 18F-FET uptake and the
curve patterns for the correct identification of recurrent brain
metastasis were evaluated by receiver-operating-characteristic
analyses or Fisher exact test for 2 · 2 contingency tables using
subsequent histologic analysis (11 lesions in 11 patients) or
clinical course and MRI findings (29 lesions in 20 patients) as
reference. Results: Both TBRmax and TBRmean were signifi-
cantly higher in patients with recurrent metastasis (n 5 19) than
in patients with radiation necrosis (n 5 21) (TBRmax, 3.2 6 0.9
vs. 2.3 6 0.5, P , 0.001; TBRmean, 2.1 6 0.4 vs. 1.8 6 0.2, P ,
0.001). The diagnostic accuracy of 18F-FET PET for the correct
identification of recurrent brain metastases reached 78% using
TBRmax (area under the ROC curve [AUC], 0.822 6 0.07; sen-
sitivity, 79%; specificity, 76%; cutoff, 2.55; P 5 0.001), 83%
using TBRmean (AUC, 0.851 6 0.07; sensitivity, 74%; specificity,
90%; cutoff, 1.95; P , 0.001), and 92% for curve patterns II
and III versus curve pattern I (sensitivity, 84%; specificity,
100%; P , 0.0001). The highest accuracy (93%) to diagnose

local recurrent metastasis was obtained when both a TBRmean

greater than 1.9 and curve pattern II or III were present (AUC,
0.959 6 0.03; sensitivity, 95%; specificity, 91%; P , 0.001).
Conclusion: Our findings suggest that the combined evaluation
of the TBRmean of 18F-FET uptake and the pattern of the time–
activity curve can differentiate local brain metastasis recurrence
from radionecrosis with high accuracy. 18F-FET PET may thus
contribute significantly to the management of patients with
brain metastases.

Key Words: radiation necrosis; stereotactic radiosurgery; recurrent
brain metastasis; amino acid PET; 18F-fluoroethyl-L-tyrosine (18F-
FET)
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The improvement in the treatment of solid tumors has
led to an increasing number of patients who experience
brain metastases during the course of the disease. Stereo-
tactic radiosurgery (SRS) and whole-brain radiation therapy
(WBRT) are commonly used to treat brain metastases, and
a growing percentage of patients live long enough to expe-
rience a local relapse of these metastases. Thus, the number
of patients experiencing local recurrence of previously ir-
radiated brain metastases can be expected to increase.
Contrast-enhanced MRI is the method of choice for the
evaluation of metastatic brain tumors. However, in many
patients, the differentiation of local recurrent brain metas-
tasis from radiation necrosis after radiotherapy (e.g., SRS
or WBRT) using contrast-enhanced MRI is difficult (1).
This problem necessitates novel diagnostic methods for
the follow-up and management of patients with recurrent
brain metastases.

In addition to MRI, PET using 18F-FDG (2) has been
considered for the evaluation of metastatic brain tumors,
but the high physiologic glucose consumption of the brain
and the variable glucose uptake of metastatic brain lesions
limit its use. For example, in a study of 48 patients with
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rent brain metastasis. The diagnostic accuracy was 92% for
curve patterns II and III versus curve pattern I (sensitivity,
84%; specificity, 100%; P , 0.0001).

Combined ROC Analysis of TBRmean and
Curve Pattern
The highest accuracy (93%) in diagnosing recurrent

metastasis was obtained when both the TBRmean was
greater than 1.9 and the curve pattern was II or III (AUC,
0.959 6 0.03; sensitivity, 95%; specificity, 91%; P ,
0.001) (Table 2). Figure 2 shows the ROC curves for the
TBRmax, TBRmean, and combined use of TBRmean and
curve pattern for differentiation of local recurrent brain
metastasis from radiation necrosis.

DISCUSSION

Cerebral metastases affect 20%–30% of all cancer
patients and are the second most common form of cerebral

neoplasm in adults. Today, the use of SRS is a widely ac-
cepted treatment option for cerebral metastases (25), either
as a single modality or in combination with WBRT. Radia-
tion-induced changes (i.e., radiation necrosis) on follow-up
MRI studies including alterations in T2-weighted images
and changing patterns of contrast enhancement have been
reported in about 20% of all patients and can often not be
distinguished from local tumor recurrence (26–28). The cur-
rent gold standard for distinguishing tumor recurrence from
radiation necrosis remains biopsy, which has an accuracy of
more than 95% (29,30). Biopsy, however, is invasive and has
potential complications such as infection, procedure-associ-
ated new neurologic problems, and hematoma, although the
risk of permanent complications is relatively low (29,30).
Therefore, a noninvasive imaging technique is desirable to
derive valuable additional information.

As outlined here, the use of standard 18F-FDG PET for
the differentiation of tumor recurrence from radiation ne-

FIGURE 1. Examples of kinetics of radiation necrosis (pattern I) and recurrent brain metastasis (patterns II and III). All studies show
pathologic contrast enhancement on T1-weighted MRI (minimal enhancement in patient 9) and corresponding increased 18F-FET uptake
(TBRmean and TBRmax values are given below PET images). Dynamic evaluation of patient 24 (58-y-old woman 32 mo after SRS [brain
metastasis of breast cancer, ductal carcinoma]) shows constantly increasing 18F-FET uptake until end of acquisition. TTP is 45 min.
Diagnosis of radiation necrosis was based on clinical course. Dynamic evaluation of patient 12 (50-y-old man 16 mo after SRS [brain
metastasis of malignant melanoma]) shows early peak of 18F-FET uptake (TTP 5 17 min) followed by stable uptake until end of acquisition.
Diagnosis of brain metastasis was based on clinical course. Dynamic evaluation of patient 9 (17-y-old girl, MRI findings and clinical course
suggestive of first manifestation of metastatic brain tumor) shows early peak of 18F-FET uptake after 4 min followed by constant decline of
uptake until end of acquisition. Diagnosis of brain metastasis was confirmed histopathologically (Ewing sarcoma). TAC 5 time–activity curve.
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tumor-to-brain ratio (TBR) of 1.6 or more. This cutoff is based on
a biopsy-controlled study of cerebral gliomas in which a lesion-to-
brain ratio of 1.6 best separated tumoral from peritumoral tissue
(24). Furthermore, we determined the longest diameter of contrast
enhancement on MRI and of 18F-FET uptake (longest diameter of
the tumor ROI) and the area of the tumor ROI (mm2) on 18F-FET
PET scans.

Mean and maximum TBR (TBRmean and TBRmax, respectively)
were calculated by dividing the mean and maximum SUV of the
tumor ROI by the mean SUVof normal brain in the 18F-FET PET
scan. Time–activity curves were generated by application of the
ROIs of the lesions (20–40 min) to the entire dynamic dataset.
Time to peak (TTP; time in minutes from the beginning of the
dynamic acquisition up to the maximum SUV of the lesion) was
determined. Furthermore, the time–activity curves of each lesion
were assigned to one of the following curve patterns: (I) constantly
increasing 18F-FET uptake without identifiable peak uptake, (II)
18F-FET uptake peaking early (TTP # 20 min) followed by a pla-
teau, and (III) 18F-FET uptake peaking early (TTP # 20 min)
followed by a constant descent.

Statistical Analyses
Descriptive statistics are provided as mean and SD or as

median and range. To compare 2 groups, the Student t test was
used. The Mann–Whitney rank-sum test was used when variables
were not normally distributed. P values of less than 0.05 were
considered significant. The diagnostic performance of TBR val-
ues to differentiate local recurrent brain metastasis from radia-
tion necrosis was assessed by receiver-operating-characteristic
(ROC) curve analyses using the results of histopathology or of
the clinical course as reference. The diagnostic performance of
curve patterns alone to differentiate local recurrent brain metas-
tasis from radiation necrosis was evaluated by Fisher exact test
for 2 · 2 contingency tables.

For the combined ROC analysis of TBRmean and curve patterns,
patient data were assigned to 1 of 3 categories: recurrent metas-
tasis unlikely (TBRmean , optimal cutoff in ROC analysis and
curve pattern I), recurrent metastasis suspected (TBRmean . opti-
mal cutoff or curve pattern II or III), or recurrent metastasis highly
probable (TBRmean . optimal cutoff and curve pattern II or III).

For ROC analyses of TBR values, decision cutoff was con-
sidered optimal when the product of paired values for sensitivity
and specificity reached its maximum. In addition, the area under
the ROC curve (AUC), its SE, and level of significance were
determined as a measure of diagnostic quality. Statistical analysis
was performed using SigmaPlot software (version 11.0; Systat
Software Inc.) and PASW statistics software (release 18.0.3; SPSS
Inc.).

RESULTS

Surgical intervention was performed in 11 patients with
single lesions, and histopathology showed viable tumor tissue
in 6 patients and necrosis with no viable tumor cells in 5
patients. Sixteen lesions in 12 patients without histologic
evaluation were classified as radiation necrosis because the
patients exhibited stable neurologic symptoms and no signif-
icant enlargement of the lesion was observed on follow-up
MR images after a median of 12 mo. Because of clinical
deterioration of neurologic symptoms or progression in size on
contrast-enhanced MRI during follow-up, 13 lesions in 8
patients were classified as recurrent brain metastases (Table 1).

Comparison of Uptake Indices for Recurrent Brain
Metastasis and Radiation Necrosis

The TBRmax and TBRmean were significantly higher in
patients with recurrent metastases (n 5 19) than in patients
with radiation necrosis (n 5 21) (TBRmax, 3.2 6 0.9 vs.
2.3 6 0.5, P , 0.001; TBRmean, 2.1 6 0.4 vs. 1.8 6 0.2,
P , 0.001). No significant size differences between radia-
tion-induced lesions and recurrent metastases (median area
of the tumor ROI, 230 vs. 404 mm2; P 5 0.16) could be
observed. The smallest lesion size on 18F-FET PET was
6 mm (range of longest diameter of tumor ROIs, 6–51 mm).

ROC Analysis of TBR Values
The diagnostic accuracy of 18F-FET PET TBR values for

the correct identification of recurrent brain metastases
reached 78% using TBRmax (AUC, 0.822 6 0.07; sensitiv-
ity, 79%; specificity, 76%; cutoff, 2.55; P 5 0.001) and
83% using TBRmean (AUC, 0.851 6 0.07; sensitivity,
74%; specificity, 90%; cutoff, 1.95; P , 0.001) (Table 2).

Evaluation of Curve Patterns
In 31 patients, time–activity curves of 40 lesions were

assessed. Two lesions were present in 4 patients (patients
16, 17, 22, and 31), 3 lesions in 1 patient (patient 27), and 4
lesions in 1 patient (patient 23) (Table 1). Time–activity
curve pattern I (Fig. 1, patient 24) was found in 24 lesions
(60%) of 21 patients, pattern II (Fig. 1, patient 12) in 10
lesions (25%) of 9 patients, and pattern III (Fig. 1, patient
9) in 6 lesions (15%) of 4 patients (Table 1). A preliminary
analysis of our dataset revealed that kinetic pattern type I
occurred mainly in lesions that had been caused by radiation
necrosis whereas patterns II and III were typical of recur-

TABLE 2
Results of Diagnostic Performance

Identification of
recurrent metastatic

brain tumor TBRmax . 2.55 TBRmean . 1.95

18F-FET kinetic
patterns II and III

18F-FET kinetic patterns II
and III in combination with

TBRmean . 1.95

Sensitivity 79% 74% 84% 95%
Specificity 76% 90% 100% 91%
Accuracy 78% 83% 92% 93%
AUC 6 SE 0.822 6 0.07 0.851 6 0.07 — 0.959 6 0.03
P 0.001 ,0.001 ,0.0001 ,0.001
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