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Multimodal Imaging of Patients With
Gliomas Confirms 11C-MET PET as
a Complementary Marker to MRI for
Noninvasive Tumor Grading and
Intraindividual Follow-Up After Therapy

Kai R. Laukamp, MD1,2, Florian Lindemann, PhD3, Matthias Weckesser, MD4,
Volker Hesselmann, MD5, Sandra Ligges, PhD6, Johannes Wölfer, MD7,
Astrid Jeibmann, MD8, Bastian Zinnhardt, PhD1, Thomas Viel, PhD1,
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Abstract
The value of combined L-(methyl-[11C]) methionine positron-emitting tomography (MET-PET) and magnetic resonance imaging (MRI)
with regard to tumor extent, entity prediction, and therapy effects in clinical routine in patients with suspicion of a brain tumor was
investigated. In n¼ 65 patients with histologically verified brain lesions n¼ 70 MET-PET and MRI (T1-weighted gadolinium-enhanced
[T1w-Gd] and fluid-attenuated inversion recovery or T2-weighted [FLAIR/T2w]) examinations were performed. The computer
software ‘‘visualization and analysis framework volume rendering engine (Voreen)’’ was used for analysis of extent and intersection of
tumor compartments. Binary logistic regression modelsweredeveloped todifferentiate between World HealthOrganization (WHO)
tumor types/grades. Tumor sizes as defined by thresholding based on tumor-to-background ratios were significantly different as
determined by MET-PET (21.6+ 36.8 cm3), T1w-Gd-MRI (3.9+ 7.8 cm3), and FLAIR/T2-MRI (64.8+ 60.4 cm3; P < .001). The MET-
PET visualized tumor activity where MRI parameters were negative: PET positive tumor volume without Gd enhancement was 19.8+
35.0 cm3 and without changes in FLAIR/T2 10.3+ 25.7 cm3. FLAIR/T2-MRI visualized greatest tumor extent with differences to MET-
PET being greater in posttherapy (64.6+ 62.7 cm3) than in newly diagnosed patients (20.5+ 52.6 cm3). The binary logistic regression
model differentiated betweenWHOtumor types (fibrillary astrocytoma II n¼ 10 fromother gliomas n¼ 16)with an accuracyof 80.8%
in patients at primary diagnosis. Combined PET and MRI improve the evaluation of tumor activity, extent, type/grade prediction, and
therapy-induced changes in patients with glioma and serve information highly relevant for diagnosis and management.
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Introduction

Gliomas remain the most prevalent primary brain tumors (inci-

dence 6-8/100.000).1-3 Exact characterization of tumor activ-

ity, extent, type, and grade is needed for treatment. The

diagnostic gold standard is open biopsy with limitations due

to tumor heterogeneity.2,4,5 The impact of imaging for patient

management has increased over the past years, especially at

primary diagnosis and for therapy decisions.4,6-10

Magnetic resonance imaging (MRI) is the method of choice

at primary diagnosis and detects tumor tissue with high sensi-

tivity at high resolution.4 T1-weighted gadolinium-enhanced

(T1w-Gd) MRI provides information about the biological

activity of the tumor by detecting disruption of the blood–brain

barrier (BBB).6,7 Fluid-attenuated inversion recovery (FLAIR)

and T2-weighted (T2W) MRI are assumed to depict the extent

of the tumor.1,6 However, demarcating tumor tissue from adja-

cent edema,4,9,11 detection of highest malignant parts,1,5 and

differentiation among low-grade gliomas (LGG) and high-

grade gliomas (HGG)1,12 may be difficult.

Positron-emitting tomography (PET) using L-(methyl-

[11C])methionine (MET) and O-(2-[18F]fluoro-ethyl)-L-

tyrosine (FET) has become attractive in diagnosis of brain

tumor.4,7 The MET-PET is highly sensitive and specific in

the diagnosis of brain tumors.13 Uptake of MET is related

to proliferation and neovascularization and correlates with

nuclear antigen and Ki-67 expression and microvessel den-

sity.6 The MET-PET is suited to determine most malignant

tumor parts for therapy planning and ‘‘hot spot’’ definition

for stereotactic biopsy8,14-16 and to monitor treatment

effects of radiotherapy and chemotherapy.6,17,18 Further-

more, MET accumulates in LGG in the absence of disrup-

tion of the BBB.7,19,20

In the past, PET data in patients with brain tumors have been

acquired and published in well-defined patient populations.

However, there is still limited data examining the role of PET

in combined use with MRI and in daily clinical routine for

brain tumor patient’s diagnosis and management. Therefore,

assessing the usefulness of combined PET and MRI in a larger

patient cohort, as it occurs in the clinical routine, is

warranted.19 The main purpose of this work was to analyze

MR- and PET-based imaging results of all patients referred

to the hospital with a brain tumor in a certain time frame to

specify its value for clinical routine in a broad range of brain

tumors with focus on gliomas. It should be pointed out that in

contrast to previous reports, we ensured that for all imaging

results a tumor sample is present for comparative histology.

Specific features of this study are (1) to improve quantitative

tumor volume (TV) analysis in an objective and reproducible

manner by establishing an automated workflow within the

‘‘visualization and analysis framework volume rendering

engine’’ (Voreen) software; (2) the additional analysis of the

‘‘total tumor size (TTS)’’ as the union of the TVs depicted by

PET and MRI; (3) the implementation of regression models

based on imaging data to predict tumor characteristics; and

(4) the implementation of a visual TV depiction.

Materials and Methods

Patients

All patients with brain lesions who gave their informed consent

for MET-PET from October 2009 to July 2011 (N¼ 185) at the

Department of Nuclear Medicine, University Hospital Münster,

were included in this retrospective study approved by the insti-

tutional review board (ethics committee, University Münster,

approval number: 2012-307-f-N). For this type of study, the

requirement to obtain informed consent was waived.

Only PET and MRI examinations (n ¼ 70) in patients

(n ¼ 65; 4 patients obtained several imaging examinations)

who received histology (biopsy and resection) within a short

period of time in relation to PET and MRI (median time inter-

val 15 days, range 1-90 days) were included. The 70 examina-

tions were performed in 12 children and 53 adults with a

median age of 48 years (range, 2-83 years). The individual

patient data and indication for imaging are depicted in Supple-

ments (I; Supplementary Tables 1 and 2; Supplementary Figure

1). Patients at primary diagnosis are referred to as ‘‘newly

diagnosed patients’’ in contrast to ‘‘posttherapy patients’’ after

therapy.

Histology and Grading

Diagnoses were confirmed histologically according to the

World Health Organization (WHO) classification.2 Tumor

types and grades: pilocytic astrocytoma I (n ¼ 2); vestibular

schwannoma I (n ¼ 2); neurofibroma I (n ¼ 1); diffuse astro-

cytoma (n ¼ 3); fibrillary astrocytoma II (n ¼ 12); oligoastro-

cytoma II (n ¼ 2); oligodendroglioma II (n ¼ 1); ependymoma

II (n ¼ 2); anaplastic astrocytoma III (n ¼ 13); anaplastic

oligoastrocytoma III (n ¼ 2); anaplastic oligodendroglioma III

(n ¼ 2); anaplastic ependymoma III (n ¼ 1); choroid plexus

carcinoma III (n ¼ 1); glioblastoma IV (n ¼ 19); medulloblas-

toma IV (n ¼ 3); gliosarcoma IV (n ¼ 1); cerebral b-cell

lymphoma (n ¼ 2); reactive change in brain tissue (n ¼ 1;

Supplementary Tables 1 and 2).

Imaging

The MET was synthesized according to the method of Schmitz

et al.21 Children (201.8 + 119.0 MBq; range 39.0-382.0 MBq)

and adults (348.9 + 67.4 MBq; range 147.0-493.0 MBq) were

injected with a weight-adapted MET dose. Data acquisition

was performed 15 to 30 minutes postinjection of MET on an

ECAT EXACT (CTI/Siemens, Erlangen, Germany; slice thick-

ness 3.375 mm; 3D mode; iterative image reconstruction

according to manufacturer’s protocol).

All patients underwent a T1w-Gd MRI and a FLAIR- or

T2w-MRI before or after MET-PET (median time interval

13 days). If a FLAIR-MRI was not available, a T2w-MRI was

used (n ¼ 39).

Magnetic resonance imaging of the brain was acquired using

two 1.5-T scanners (Achieva 1.5-T and Intera 1.5-T; Philips,

Best, the Netherlands) with identical pulse sequences and
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operating interface. A 6-channel SENSE-head-coil was applied

for parallel imaging. For T1w- and T2w-imaging, patients were

intravenously injected with chelated gadolinium (Gadovist,

Bayer Vital GmbH, Leverkusen, Germany: 1 mmol/mL, ie,

1 mL ¼ 604.72 mg gadobutrol ¼ 157.25 mg gadolinium) with

a concentration of 0.1 mmol/kg body weight.22 Further MRI

details are indicated in Supplements (II).

Volume Analysis

The MET-PET, T1w-Gd-MR, and FLAIR/T2-MR images of

the brain were analyzed and coregistered by Vinci version

3.92.23 The Voreen was used for analysis of extent of TV and

the intersection of various imaging parameters. Voreen was

developed at WWU Münster (voreen.uni-muenster.de24) and

adapted to our scientific question.25

The analyzed TVs were MET-PET TV (PET); T1w-Gd-

MRI TV (T1); FLAIR/T2-MRI TV (FLAIR/T2); MET-PET

TV without intersection with T1w-Gd-MRI TV (PwT1);

MET-PET TV without intersection with FLAIR/T2-MRI

TV (PwF); FLAIR/T2-MRI TV minus the MET-PET TV

(FmP); and TTS as the TV based on the union of all ima-

ging modalities.

MET-PET: The MET-PET measured TV was deter-

mined by a threshold based on the mean radioactivity

concentration in the contralateral centrum semiovale

plus 3 times its standard deviation. Only tissue with

signals above this threshold was defined as possible

tumor tissue.26,27

T1w-Gd-MRI And FLAIR/T2-MRI: Similar to PET,

tumor tissue was defined by a threshold of the mean

signal intensity in the opposite centrum semiovale

plus 3 times the standard deviation. Only tissue with

signals above this threshold was defined as possible

tumor tissue.

To extract tissue with a physiologically high activity or

signal intensity (eg, cerebellum, nasal mucosa, ventricle, and

gyri), the region growing tool28 for simple tumor structures or

the random walker tool29 for more complex tumor structures

was used (details in Supplement III).25 The TV provided by

these tools were verified and if necessary adjusted simultane-

ously in a group of 4 experts (K.R.L., F.L., V.H., and A.H.J.).

The aim of combining clearly defined thresholds with the

region growing and random walker tool was to receive reliable

and reproducible results and minimize intraexpert and interex-

pert variability in TV segmentation.30 The tumor-to-

background (T/B) radiotracer uptake ratio was calculated by

dividing the maximal activity within the tumor region by the

background activity in the opposite centrum semiovale.

Statistical Analysis

To differentiate between tumor types based on imaging data, a

binary logistic regression model was implemented for the group

of newly diagnosed patients with definitive histology (n ¼ 26;

astrocytoma I [n ¼ 2]; astrocytoma II [n ¼ 10]; oligoastrocy-

toma II [n ¼ 1]; oligodendroglioma II [n ¼ 1]; anaplastic astro-

cytoma III [n ¼ 9]; glioblastoma IV [n ¼ 3]). Total tumor size

and T/B ratio served as covariates. Two similar models were

implemented for prediction of tumor grade in newly diagnosed

patients (n ¼ 26) with TTS or T/B ratio as covariates.

Statistical analyses using IBM SPSS Statistics 20 for Win-

dows (IBM Corporation, Somers, New York) including the

implementation of the binary logistic regression models31 were

performed in cooperation with the Institute of Biostatistics and

Clinical Research. Inferential statistics were intended to be

exploratory (hypotheses generating) and not confirmatory. The

comparison-wise type I error rate was controlled instead of the

experiment-wise error rate. The significance level was set to

0.05 for 2-sided tests and 0.025 for 1-sided tests. No adjustment

for multiple testing was performed. Four patients obtained sev-

eral examinations that we interpreted as independent, as the

date of acquisition and the stage of therapy were different.

When these repeated examinations were excluded, similar

results were obtained.

To enable a comprehensive TV analysis, we implemented

doughnut charts to depict the relative sizes of the TV deter-

mined by the different imaging modalities.

Results

For the quantitative data analysis, we focused on glial tumor

origins only (n ¼ 60 examinations, nonglial tumors and the

patient with reactive changes were not included). As gliomas

are more frequent and aggressive, restricted attention to glial

tumors is much more clinically relevant.

Comparison of TV as Determined By MET-PET and MRI
in Patients With Gliomas

The mean TV (n ¼ 60) was small for T1w-Gd-MRI (3.9 +
7.8cm3), larger for MET-PET (21.6 + 36.8cm3), and largest

for FLAIR/T2-MRI (64.8 + 60.4cm3; Figure 1). The mean

MET-PET TV without gadolinium enhancement (PwT1) was

19.8 + 35.0 cm3 and without FLAIR/T2 changes was 10.3 +
25.7 cm3 (Figures 1–6). These data reveal that MET-PET

detects additional tumor parts that are not detected by either

MRI parameter. Three examples are depicted in Figures 2 to 4.

Detailed TV data are given in Supplements (IV). Individual

TVs are given in supplementary Table 3. Correlations between

MET-PET and WHO tumor grade as determined by histology

are depicted in Supplements (V).

Tumor Volume Analysis in Patients With Gliomas After
Therapy

The mean difference between FLAIR/T2-MRI TV and

MET-PET TV was significantly larger in patients after therapy

(64.6 + 62.7 cm3; n ¼ 31) than in newly diagnosed patients

(20.5 + 52.6 cm3; n ¼ 29; Figure 1; 1-sided Mann-Whitney U

test, P ¼ .002). This indicates that combined FLAIR/T2-MR

Laukamp et al 3



and MET-PET imaging differentiates therapy-induced tissue

changes from metabolic active tumor tissue.

Prior studies have demonstrated the value of PET in

unmasking radiation necrosis.6,17,18 In our study, posttreatment

imaging data were available for the following examinations of

patients with gliomas: surgery (n ¼ 10), surgery and radiation

(n ¼ 19), and radiation only (n ¼ 2). Comparing volume dif-

ferences in newly diagnosed and posttherapy patients who

Figure 1. Parallel box plots of tumor volume (TV) as measured by visualization and analysis framework volume rendering engine (Voreen).
The TV as determined by different imaging modalities for all examinations of malignant brain lesions (n ¼ 60; A) and subgroups of newly
diagnosed (n¼ 29) and posttherapy (n ¼ 31) examinations (B). A, The comparison of the following TV yield significant differences (Wilcoxon
signed-rank test, P < .001): PET versus T1; PET versus fluid-attenuated inversion recovery (FLAIR)/T2; PET versus TTS; T1 versus FLAIR/T2; T1
versus TTS; FLAIR/T2 versus TTS. B, The comparison of TV yield significant differences between newly diagnosed and posttherapy patients only for
T1 (Mann-Whitney U test, P < .001) but not for PET, FLAIR/T2, PwT1, PwF, and TTS (Mann-Whitney U test, P > .05). PET ¼ L-(methyl-[11C])
methionine positron-emitting tomography (MET-PET); T1 ¼ T1-weighted gadolinium-enhanced magnetic resonance imaging (T1w-Gd-MRI);
FLAIR/T2 ¼ fluid-attenuated-inversion-recovery or T2-weighted magnetic resonance imaging (FLAIR/T2-MRI); PwT1 ¼ MET-PET TV without
intersection with T1w-Gd-MRI TV; PwF ¼ MET-PET TV without intersection with FLAIR/T2-MRI TV; TTS ¼ total tumor size.
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obtained only surgery, the mean difference between FLAIR/

T2-MRI TV and MET-PET TV was significantly smaller (20.5

+ 52.6 cm3) in newly diagnosed patients (n¼ 29, only patients

with gliomas) than in patients after surgery (n ¼ 10; 53.8 +
37.9cm3; 1-sided Mann-Whitney U test, P ¼ .01).

Noninvasive Grading by Combined PET and MR Imaging

To explore the feasibility to get an indication of tumor type and

grade noninvasively, we created a multinomial logistic regres-

sion model. In a first attempt, various TVs (PET, PwT1, PwF,

and TTS) as well as T/B radiotracer uptake ratio were used for a

combined analysis. Using these input parameters in n ¼ 26

patients (newly diagnosed gliomas), we achieved a prediction

accuracy for the WHO tumor type of >90%. The regression

model needs further validation due to small patient number and

the amount of covariates and different WHO tumor types.

To avoid overfitting, we further used a binary logistic

regression model. This model only differentiates between 2

conditions. Thus, the low number of patients and the high

amount of different WHO tumor types can be compensated.

We took the tumor type that occurred most frequently (fibril-

lary astrocytoma II, n¼ 10, patient 7-16 [Supplementary Table

1]) and used the model to differentiate these from other tumor

types (n ¼ 16). The TTS showing the greatest extent of the

tumor and the T/B radiotracer uptake ratio were used as cov-

ariates. This model was able to differentiate fibrillary astrocy-

toma II from other tumor types with an accuracy of 80.8%
(model coefficient: 4.174; P ¼ .033). In order to verify the

quality of this model, a cross-validation was performed result-

ing in a classification rate of 76.9%. Only 1 patient was mis-

classified. This indicates the relatively high quality of the

model. Integrating further covariates (imaging data) could raise

the accuracy to >92%.

We also created 2 binary logistic regression models to dif-

ferentiate between tumor grade (LGG vs HGG) using TTS or

T/B radiotracer uptake ratio as covariates. The binary logistic

regression model with the covariate TTS was able to predict the

Figure 2. Positron-emitting tomography (PET) and magnetic resonance imaging (MRI) of a 9-year-old girl with newly diagnosed anaplastic
astrocytoma III. L-(methyl-[11C]) methionine (MET) accumulation in the left temporal, parietal, and occipital lobes indicates gliomatosis. The PET
tumor volume (TV) is greater than the fluid-attenuated inversion recovery (FLAIR) TV (PwF TV 166cm3). A, Unmarked images of PET, T1, and
FLAIR. B, TV is marked white with red border. C, Fusion of TV shown in PET (blue) and in FLAIR (red). D, First doughnut chart: relative sizes of
PET (blue), T1 (green), and FLAIR (red). Second doughnut chart shows the tumor regions where (1) only 1 modality is positive (blue [only PET
positive TV], green [only T1 positive TV], and red [only FLAIR/T2 positive TV]); (2) only 2 modalities are positive (cyan [only PET\T1], purple
[only PET\FLAIR/T2], and yellow [only T1\FLAIR/T2]; (3) all 3 modalities are positive (white [PET\T1\FLAIR/T2]).
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grade of the glioma with an accuracy of 73.1% (model coeffi-

cient: 0.026; P ¼ .043). The model revealed that a brain tumor

with a volume above 69.2 cm3 was more likely to be higher

malignant. The binary logistic regression model with T/B radio-

tracer uptake value was not able to predict the malignancy of the

tumor (accuracy of 61.5%; model coefficient: 0.454; P ¼ .272).

Tumor Volume Analysis by Doughnut Charts

Results of the Doughnut Chart analysis are presented in Figures

2D, 3D, 4D, and 6D-F. These doughnut charts were further

used for the judgment of the intraindividual follow-up after

sequential therapies (Figure 5 and 6).

Intraindividual Follow-Up

Eight of 65 patients received follow-up imaging without a new

biopsy. These data were not further evaluated. Four of 65

patients (vestibular schwannoma I, astrocytoma III, medullo-

blastoma IV, and glioblastoma) obtained more than 1 PET,

MRI, and biopsy in their clinical course. In the patient with

glioblastoma (No. 52, 65, and 66 in Supplementary Table 2), 3

PET and MRI examinations were performed after various treat-

ments (Figures 5 and 6). Figures 5A and B and 6A depict the

patient after resection and radiation with some remaining tumor

tissue indicated by MET-PET. Tumor volume shown by MET-

PET is small, whereas TV in T2w-MRI due to therapy-induced

changes is large (Figure 6D). After a second resection, MET-

PET reveals a new ‘‘hot spot’’ in the right frontal lobe adjacent

to the ventricle (Figures 5C and D and 6B) partly not over-

lapping with T2w changes (Figure 6E), which resolved after 8

cycles of temozolomide therapy (Figure 5E and F) where no

MET uptake could be delineated (Figure 6C and F). Without

the additional PET information, targeted resection and che-

motherapy would not have been possible in this patient.

Discussion

Our results indicate that MET-PET in clinical routine gives

complementary information on tumor biology and extent to

MRI. The MET-PET visualized substantial additional tumor

activity in areas where both, T1w-Gd- and FLAIR/T2-MRI,

were negative resulting in a greater gross TV. Differences in

TV between FLAIR/T2-MRI and MET-PET were pronounced

Figure 3. Positron-emitting tomography (PET) and magnetic resonance imaging (MRI) of a 62-year-old man with newly diagnosed anaplastic
astrocytoma III. L-(methyl-[11C]) methionine (MET) accumulation indicates involvement of the left temporal lobe. The PET tumor volume (TV)
was larger than fluid-attenuated inversion recovery (FLAIR) TV (PwF TV 24cm3; 2 white arrows). No gadolinium (Gd) enhancement could be
detected. A, Unmarked images of PET, T1, and FLAIR. B, TV is marked white with red border. C, Fusion of TV shown in PET (blue), T1 (green),
and FLAIR (red). D, Relative sizes of PET, T1 and FLAIR, and intersection TV, as explained in Figure 2.
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in posttherapy patients indicating that the difference between

FLAIR/T2 and MET-PET might help to delineate therapy-

related tissue changes. Various imaging parameters (eg, T/B

MET uptake, MET-PET TV, and TTS) showed a correlation

with malignancy. The TTS showed the highest accuracy in the

differentiation between low-grade (WHO tumor grades I and

II) and high-grade (WHO tumor grades III and IV) tumors. The

binary logistic regression model based on multimodal imaging

was able to differentiate between WHO tumor types for a sub-

group of patients at primary diagnosis, suggesting that nonin-

vasive WHO tumor type determination might be possible in the

future by combined PET/MR imaging.

Among the various radiotracers (18F-FDG, 18F-FLT, and
18F-FET), we focused our investigations on 11C-MET, as it is

a well-established radiotracer for detection and delineation of

brain tumors.6 As has been reviewed previously4,6-9,32 and also

subjected to meta-analysis,33,34 there is a significant number of

studies (n ¼ 37 studies at primary diagnosis with n ¼ 1724

patients; n ¼ 17 studies at follow-up with n ¼ 487 patients8)

demonstrating that MET-PET is able to differentiate between

LGG and HGG with an accuracy of 60% to 70% and indicating

a higher sensitivity and specificity of MET-PET in comparison

to MRI for the differentiation between tumor tissue and

treatment-related changes in patients with gliomas. The

Figure 4. Positron-emitting tomography (PET) and magnetic resonance imaging (MRI) of a 36-year-old man with newly diagnosed oligoas-
trocytoma II. Fluid-attenuated inversion recovery (FLAIR) and PET indicate extensive glioma tissue in the left frontal lobe. T1 tumor volume (TV)
was smaller. PET TV did not overlap completely with the FLAIR TV (white arrows). A, Unmarked images of PET, T1, and FLAIR. B, TV is marked
white with red border. C, Fusion of TV shown in PET (blue), T1 (green) in FLAIR/T2 (red). D, Relative sizes of PET, T1 and FLAIR, and
intersection TV, as explained in Figure 2.
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Figure 5. Imaging-guided follow-up of a 48-year-old woman with glioblastoma IV during therapy. The patient was treated by a combination of
surgery, radiation, and temozolomide chemotherapy: A and B, After surgery and radiation (60 Gy) positron-emitting tomography (PET)
indicates small parts of remaining active tumor tissue and T2 indicates posttherapy tissue changes. C and D, 8 months later after another surgical
intervention, PET indicates more extensive active tumor tissue; therefore, chemotherapy was initiated. E and F, 7 months later after 8 cycles of
temozolomide, PET and fluid-attenuated inversion recovery (FLAIR) indicate response to chemotherapy. A, C, and E, Unmarked images of PET,
T1, and FLAIR/T2. B, D, and F, tumor volume (TV) is marked white with red border.
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MET-PET allows to detect radiotherapy and chemotherapy

effects, discriminate recurrence against radiation necro-

sis,6,8,17,18 and differentiate progression against stable dis-

ease.6,8,35,36 The MET- and FET-PET give comparable

diagnostic data.37 The goal of our analysis was to demonstrate

that the knowledge derived from these previous studies trans-

lates into routine clinical practice. Our analysis focused on

patients who received histological grading and WHO tumor

type determination within a short period of time before or after

MET-PET to ensure direct correlation of imaging data and

histological grading and to enable the development of the bin-

ary regression model.

Our data demonstrate that a quantitative volume analysis of

brain tumors combining various imaging parameters based on

PET and MRI serves important information on tumor activity

and extent. The TTS improved the accuracy of prediction in the

binary logistic regression model. In our subgroup of 26 patients

with newly diagnosed gliomas, differentiation between LGG

and HGG was predicted by the TTS (73.1%) but not by the

MET T/B radiotracer uptake ratio (61.5%). It should be pointed

out that with FET-PET, the kinetic analysis is being used to

increase the accuracy of grading,38 which did not work for

MET-PET data.39 The grading accuracy based on T/B ratios

is influenced by oligodendroglial tumor parts, leading to higher

MET or FET uptake even at low grade.19,40 The TTS was

significantly larger than MET-PET, T1w-Gd-MRI, and

FLAIR/T2-MRI alone and should be taken into account for

surgery and radiation planning.8,14,16,41,42

Exact delineation of gliomas is decisive for therapy plan-

ning. Malignant parts, missed during surgery, will lead to

tumor recurrence which impacts survival.43 Earlier studies

have shown that MET-PET uptake indicates tumor infiltration

which leads to recurrent tumor if missed by resection or radia-

tion.4,16,36,41-44 We found substantial (10.3 + 25.7 cm3)

MET-positive tumor activity in areas where FLAIR/T2-MRI

is negative.

Figure 6. Volumetric analysis of 48-year-old woman with glioblastoma IV during therapy as depicted in Figure 5. A, Positron-emitting
tomography (PET) indicates residual tumor activity; the volume difference to T2 is most likely due to radiation necrosis and surgery scars. B, PET
shows tumor volume (TV) in areas where T2 is negative (white arrows) indicating tumor progression. C, After 8 cycles of chemotherapy PET
becomes negative as indication of response to therapy. A and D, Patient after surgery and radiation (60 Gy). B and E, 8 months later after another
surgical intervention. C and F, 7 months later after 8 cycles of temozolomide. A-C, Fusion of TV shown in PET (blue), T1 (green), and fluid-
attenuated inversion recovery (FLAIR)/T2 (red). D-F, Relative sizes of PET, T1 and FLAIR/T2, and intersection TV, as explained in Figure 2.
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Differentiation between recurrent tumor and radiation

necrosis by MRI is not satisfactory.4,6,7,10 Early detection of

tumor recurrence with differentiation in radiation necrosis and

surgery scars from active tumor tissue is important for further

therapy planning.6 The mean difference between FLAIR/T2-

MRI TV and MET-PET TV was 20.5 + 52.6 cm3 without

treatment and 64.6 + 62.7 cm3 after any treatment, indicating

that >40 cm3 of FLAIR/T2-MRI signal may depict tissue with-

out any indication for biological active tumor. However, it

should be noted that one of the limitations of this study is the

absence of multiple stereotactic histopathological specimens of

each of the abnormal imaging areas. Therefore, to determine

whether high-intensity areas on T2w-/FLAIR-imaging after

therapy represent active tumor or posttherapeutic changes is

still difficult. In the patient group which received surgery only,

the mean difference between FLAIR/T2-MRI TV and MET-

PET TV was also substantial (>30 cm3). In line with current

reviews and a meta-analysis,4,6-8,10,33 these results indicate that

combined PET and MR imaging will help in the differentiation

between tumor recurrence and therapy-related changes.

The gold standard for therapy decisions is histology.35 Glio-

mas are heterogeneous and biopsies may miss its most malig-

nant parts.4,5,8,45 Multimodal imaging is able to assess this

heterogeneity enabling imaging-guided stereotactic biopsy.46

Using the TV generated by Voreen, we could create binary

logistic regression models that were able to differentiate

between LGG and HGG and between tumor types in a sub-

group of 26 patients. Similar attempts have been used to deter-

mine tumor infiltration and WHO tumor grade.47,48 These

studies have shown that models combining several covariates

might be best suited to predict tumor grade, type, or infiltra-

tion.47-49 For the further development of this method an

increased sample size is needed. Moreover, additional imaging

parameters (cerebral blood volume, perfusion-/diffusion-

weighted MRI, and MR spectroscopy) could be integrated.47,48

Especially, with the implementation of combined PET/MR

hybrid imaging systems simultaneous information on morpho-

logic, metabolic, and molecular tumor parameters will serve

improved diagnosis and management of patients.4,50

The 4 patients, in which intraindividual follow-up imaging

has been performed, emphasize the value of patient-tailored,

imaging-guided management with regard to improved evalua-

tion of tumor extent and distinction between therapy-induced

tissue changes and active tumor tissue. The aim to include all

patients with a broad range of brain tumors may be viewed as a

limitation, as it leads to a heterogeneous patient cohort. There-

fore, we restricted our statistical analysis on glial tumor ori-

gins only as focused attention to glioma is more clinically

relevant. However, the aim of MET-PET is to visualize bio-

logical active tumor tissue regardless of the tumor type. Our

study has some limitations—It should be pointed out that in

the clinical situation, a voxel-wise comparison between ima-

ging parameters and histology is not possible for technical

reasons. These limitations partly result from the aim to

include the entire process of brain tumor management from

diagnosis to therapy and reflect the typical patient cohort as

presented in the clinical routine. It should be taken into

account that especially the posttherapy imaging analysis may

be confounded by tissue heterogeneity.

Conclusion

Our results indicate that MET-PET is of independent and addi-

tional value for glioma diagnosis at various disease stages in

routine clinical application. Combining PET and MRI

improves the delineation of the tumor extent and activity as

prerequisite for appropriate surgery and radiotherapy, allows

the differentiation between active tumor tissue and therapy-

induced tissue changes, and, by integrating advanced volume

analysis, may provide a noninvasive differentiation between

WHO tumor types and grades.
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