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Abstract

Purpose Magnetic resonance imaging (MRI) plays a key

role in neurooncology, i.e., for diagnosis, treatment eval-

uation and detection of recurrence. However, standard MRI

cannot always separate malignant tissue from other

pathologies or treatment-induced changes. Advanced MRI

techniques such as diffusion-weighted imaging, perfusion

imaging and spectroscopy show promising results in dis-

criminating malignant from benign lesions. Further, sup-

plemental imaging with amino acid positron emission

tomography (PET) has been shown to increase accuracy

significantly and is used routinely at an increasing number

of sites. Several centers are now implementing hybrid PET/

MRI systems allowing for multiparametric imaging, com-

bining conventional MRI with advanced MRI and amino

acid PET imaging. Neurooncology is an obvious focus area

for PET/MR imaging.

Methods Based on the literature and our experience from

more than 300 PET/MRI examinations of brain tumors

with 18F-fluoro-ethyl-tyrosine, the clinical use of PET/MRI

in adult and pediatric neurooncology is critically reviewed.

Results Although the results are increasingly promising,

the added value and range of indications for multipara-

metric imaging with PET/MRI are yet to be established.

Robust solutions to overcome the number of issues when

using a PET/MRI scanner are being developed, which is

promising for a more routine use in the future.

Conclusions In a clinical setting, a PET/MRI scan may

increase accuracy in discriminating recurrence from treat-

ment changes, although sequential same-day imaging on

separate systems will often constitute a reliable and cost-

effective alternative. Pediatric patients who require general

anesthesia will benefit the most from simultaneous PET

and MR imaging.

Keywords PET/MRI � FET � Brain tumor � Glioma �
Pediatric � Multiparametric imaging � 18F-fluoro-ethyl-
tyrosine

Abbreviations

AC Attenuation correction

ADC Apparent diffusion coefficient

BV Blood volume

Cho Choline

Cr Creatine

CT Computed tomography

DCE Dynamic contrast enhanced

DSC Dynamic susceptibility contrast

DTI Diffusion tensor imaging

DWFS Dixon water–fat separation

DWI Diffusion-weighted imaging

EPI Echoplanar imaging

FDG 18F-fluoro-deoxy-glucose

FDOPA 18F-fluoro-phynylalanine

FET 18F-fluoro-ethyl-tyrosine

MET 11C-Methionine

MRI Magnetic resonance imaging

MRS Magnetic resonance spectroscopy

NAA N-Acetylaspartate
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PET Positron emission tomography

PWI Perfusion-weighted imaging

TE Echo time

Tmax/B Maximum tumor to mean background uptake

ratio

UTE Ultrashort echo time

Introduction

Imaging plays a key role in the management of patients

with brain tumors at all stages of the disease: from the

initial workup of patients with a suspected intracranial

neoplasm, to planning of surgery and radiotherapy, and

finally for detection of recurrent or progressive disease

prompting changes of therapy. As histological confirmation

may be difficult to obtain (or associated with considerable

risk), one key requirement of imaging is to correctly sep-

arate malignant tissue from other pathologies and treat-

ment-induced changes.

With its superior soft tissue characterization capabilities,

magnetic resonance imaging (MRI) is the modality of

choice in daily routine. However, standard anatomical MRI

may not reliably predict the grade of malignancy or growth

potential of a lesion. Furthermore, MRI interpretation

becomes increasingly challenging after surgical trauma,

radiation, and chemotherapy inducing necrosis with dis-

ruption of anatomical structures and increasing incidence

of non-specific treatment induced signal changes caused by

inflammation, edema, demyelination, ischemia, and metal

implants. Novel treatment strategies, such as anti-angio-

genic or immune therapy, may conceal or overexpress T1

contrast enhancement, thereby further compromising the

diagnostic accuracy of response assessment [1, 2]. In

radiotherapy-treated glioma patients, the specificity of

standard MRI may be as low as 50% for detection of

recurrent disease [3], and in non-enhancing tumors with

MRI characteristics of low-grade glioma, 40% can be

demonstrated to contain high-grade foci [4, 5]. Various

functional imaging techniques depicting specific biological

properties of the tissues have been introduced to comple-

ment standard MRI including both advanced MRI tech-

niques [6] and positron emission tomography (PET) [7, 8].

Individually, these techniques have been reported to

improve the diagnostic accuracy of standard MRI, and

combining PET and advanced MRI could potentially fur-

ther improve the overall diagnostic accuracy and in turn

patient management.

An increasing number of institutions are implementing

a hybrid PET/MRI scanner to supplement the use of PET/

CT (computed tomography). The role of 18F-fluoro-

deoxy-glucose (FDG) PET/CT in oncology is well-

established as an accessible, fast and accurate clinical tool

for whole-body cancer staging, monitoring and treatment

planning. In contrast, the clinical role for combined PET/

MRI scanners first introduced in 2008 [9] is still to be

defined. Neurooncology appears to be an obvious appli-

cation of clinical PET/MRI, and several recent reviews

have highlighted the potential of multiparametric imaging

of brain tumors [10–13], although the number of pub-

lished studies actually exploring the potentials of hybrid

PET/MR in neurooncology is limited [14–17]. These

reviews will not be repeated; rather this papers is a crit-

ical appraisal of the clinical use of PET/MRI in neu-

rooncology based on our single-institution experiences

over the past 4 years focusing on gliomas. Using our

Siemens mMR system, we have performed more than 300

FET PET/MRI scans in research and clinical routine in

adult and pediatric neurooncology.

Imaging methods

PET tracers

While the value of FDG PET for brain tumors is limited

due to the high physiological uptake in normal gray matter,

the evidence for the use of amino acid PET tracers tar-

geting the L-amino acid transporter systems 1 and 2 in

neurooncology is increasing [7, 8], and the number of sites

using either 11C-methionine (MET), 18F-fluoro-ethyl-ty-

rosine (FET) or 18F-fluoro-phenylalanine (FDOPA) on a

regular basis is now substantial. Brain tumor imaging with

these tracers has been shown to be rather similar [18–23],

but only for MET [24] and FET [25] biopsy-verified

thresholds of tumor uptake relative to background have

been established to delineate the tumor extent of untreated

gliomas.

A range of advanced MRI techniques show promising

results from several studies. The techniques have been

under development for the past 20 years, but are only

slowly emerging into the clinic and are not sufficiently

mature to be integrated into the recent standardized MRI

protocol consensus recommendations for clinical trials in

brain tumors [26]. Amino acid PET is superior to FDG and

advanced MRI techniques [8], but due to the often chal-

lenging clinical situation it does not always point to the

diagnosis.

Although a large cohort of consecutive patients

(n = 124) with MRI signs of recurrence or tumor pro-

gression of gliomas of mixed grades and histology showed

an impressive diagnostic accuracy up to 95% for diag-

nosing active tumor using FET PET [27], this was depen-

dent on the performance of a 60 min dynamic study. The

diagnostic accuracy of a static 20 min PET acquisition was,

however, only 71–75% depending on the metric compared
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to 86–100% in previous studies [3, 28–30]. In a clinical

PET/MRI setting, prolonged acquisition periods is prefer-

ably avoided to increase the work flow and patient comfort

and decrease movement artifacts.

Although consensus guidelines are still to be established

on the optimal techniques and implementations, the addi-

tion of advanced MRI sequences in a PET/MRI work flow

is obvious. Firstly, the patients are typically referred to

PET/MRI instead of MRI alone due to difficulties in sep-

arating malignant from benign lesions, and advanced MRI

sequences may increase the diagnostic accuracy in this

patient group. Secondly, the standard 20–40 min PET

acquisition for FET typically leaves time for additional

MRI sequences. An example of a comprehensive 40 min

combined PET/MR evaluation is shown in Fig. 1. Finally,

a combined acquisition facilitates comparison of the value

of each modality when acquiring multiple modalities in the

same space. In rare cases, multitracer PET imaging with a

combination of, e.g., FET and FDG data (Fig. 2) may be

applied, and acquisition with a PET/MRI scanner for one of

the tracers will diminish the number of repeated scanning

procedures for the patient.

In the following sections, general considerations of the

basic and advanced MRI applied at our PET/MRI system in

clinical and research brain tumor imaging protocols will be

addressed, as well as the potential added value extrapolated

from single-modality studies.

MRI

The basic minimal anatomical MRI protocol for brain

tumor imaging includes axial fluid-attenuated inversion

recovery (FLAIR) and T2-weighted sequences visualizing

non-enhancing tumor components, edema and therapy-in-

duced gliosis, as well as a high-resolution isotropic 3D

contrast-enhanced T1-weighted acquisition which depicts

contrast leakage from the tumor vessels [2, 31].

Recently, it was suggested that brain tumor imaging in

clinical trials should also include a pre-contrast 3D T1-

weighted acquisition and axial diffusion-weighted imaging

(DWI) [26]. Pre- and post-contrast T1-weighted imaging

with identical sequence parameters allow for the creation

of subtraction images, which has been proposed as a more

accurate assessment of the contrast-enhancing tumor

Fig. 1 Multimodality tumor characterization. A combined 40 min

dynamic FET PET/MRI with DSC BV and single voxel MRS was

performed in a 7-year-old boy with an incidentally found lesion in the

right basal ganglia area. Post-contrast T1 (CE T1) and T2 FLAIR

show a solitary contrast-enhancing lesion without edema. Supple-

mentary imaging included: DWI showing high ADC and thus not

indicative of increased cellularity; MRS (short echo time) demon-

strating only moderately increased choline (Cho/NAA = 1.36 and

Cho/Cr = 1.23); leakage-corrected DSC BV did not show increased

BV; dynamic FET PET scanning found moderately increased uptake

(Tmax/B = 2.1) with an increasing time–activity curve. Based on the

combined imaging, a differentiation of a neoplasm from inflammatory

(or other non-neoplastic) pathology could not be made, but it was

concluded that a high-grade glioma or other aggressive malignancy

was unlikely. Follow-up MRI after 3 months showed regression of

contrast enhancement pointing toward a demyelinating lesion
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volume and may be helpful to distinguish blood products

and microbleeds from cancerous tissues, especially in the

presence of anti-angiogenic therapy [6, 32]. The clinical

value of T1 subtraction imaging remains to be established

and is generally not included in clinical imaging protocols.

Diffusion-weighted imaging

The apparent diffusion coefficient (ADC) from DWI is

related to the water motility, and thus the tissue microen-

vironment, and may be used to identify tumor areas with

high cellularity (with low ADC) or areas of edema (with

high ADC). The ADC is calculated by acquiring a number

of sequences with different diffusion weighting, measured

by the b-value, in at least three different directions. As a

minimum, it is recommended to obtain images with no

diffusion weighting (b = 0 s/mm2) and images of moder-

ate diffusion weighting (b = 1000 s/mm2). Optimally, the

protocol should also include images with intermediate b-

value, e.g., b = 500 s/mm2 [26].

Early changes in ADC have been associated with

treatment outcome [33]. Moffat et al. [34] showed that

patients characterized as responding to therapy had an

increase in ADC (i.e., decreased cellularity) 3 weeks into

therapy relative to pre-treatment. In contrast, the ADC of

patients with progressive disease tended to remain stable.

Likewise, changes in ADC have been shown to be a strong

imaging biomarker in patients with GBM treated with

bevacizumab [35, 36]. Reduced ADC may also be used to

assess tumor grade in both children [37] and adults [38, 39]

(Fig. 1).

By increasing the number of diffusion-encoding

directions, typically to 20 or more (at the cost of

increased acquisition time), it is possible to estimate a

diffusion tensor at each image voxel, known as diffu-

sion tensor imaging (DTI). Subsequent modeling makes

it possible to infer the direction of diffusive processes

and to estimate white matter fiber tracts (tractography),

which can be valuable in pre-surgical planning [40]

(Fig. 3).

Fig. 2 Multiparametric PET/MRI imaging. Transaxial images of

glioblastoma (WHO IV) patient 2–3 weeks after surgery showing

post-contrast MRI (CE T1), FET PET and FDG PET (top row), and

blood volume (BV) and permeability (Ki) maps derived from

dynamic contrast-enhanced (DCE) T1 MRI scans [48]. DCE allows

for the separation of contrast enhancement in a blood volume (BV)

and permeability (Ki) component. The physiological measures

highlight different and complementary tumor characteristics. FET

PET shows a superior contrast to healthy brain in delineating the

tumor borders, and peak areas (yellow arrow) are not overlapping in

metabolic and vascular physiological measures. FDG PET is

challenged by high uptake in functioning neural tissue
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Traditionally, DWI is based on a fast single-shot echo

planar imaging (EPI) technique, which makes it possible to

acquire images in 20–100 ms. At higher field strengths, the

technique is prone to susceptibility artifacts, especially at

tissue interfaces, around surgical cavities and metallic

implants, which lead to geometrical distortions and signal

dropout. Recently, a novel method using parallel imaging

and readout-segmented EPI with non-linear phase correc-

tion (clinically available on Siemens hardware as

RESOLVE DWI) has been proposed for high-resolution

DWI with reduced susceptibility artifacts [41]. Standard

DWI for assessment of tumor grade is used in daily clinical

routine, but the role in the assessment of tumor recurrence

and response evaluation has not been established.

Perfusion-weighted imaging

Perfusion-weighted imaging (PWI) for mapping of tumor

blood volume (BV) as a marker of tumor vascularization

has been extensively studied in the past 25 years. Dynamic

imaging is performed during the passage of an

intravenously administered bolus of a gadolinium-based

MRI contrast agent. The original and most studied tech-

nique is dynamic susceptibility contrast (DSC) MRI based

on T2*-weighted imaging using a 2D EPI sequence

(Figs. 1, 4 and 5). Alternatively, a 2D or 3D T1 sequence

can be applied for dynamic contrast-enhanced (DCE) MRI

(Fig. 2). By measuring the T2* signal decrease (or increase

using DCE), BV can be estimated as the area under the

tissue concentration curve.

DSC BV imaging has been shown to be of value as a

supplement to MRI for a range of clinical situations, in

particular for tumor grading [42] and for differentiation of

tumor progression from treatment-induced changes [43].

Standard analysis is based on visual reading and calcula-

tion of the relative BV by normalizing tumor BV to nor-

mal-appearing white matter in the contralateral

hemisphere. Often, a cutoff of 1.75 derived in a study

separating low- and high-grade gliomas is quoted [42], but

reported optimal BV cutoffs for tumor grading and for

separating progression from treatment-induced changes

vary substantially between studies [43–45]. This variability

Fig. 3 Presurgical planning. Sagittal images of a 15-year-old boy

with pilocytic astrocytoma (WHO I). Post-contrast T1 MRI (upper

left) showed contrast-enhancing tumor (red arrow) with high

metabolic activity on FET PET in the anterior parts of the tumor

(Tmax/B = 2.7, biological tumor volume = 2 ml). Tractography from

diffusion tensor imaging coregistered to pre-contrast T1 MRI (lower

left) showed a close relationship of the corticospinal tract (blue

arrow) to the tumor (red arrow). Thus, chemotherapy was decided to

be safer than surgery
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probably reflects an overlap between normal and abnormal

BV, and intra-lesion heterogeneity, but also the lack of

consensus on how to perform and analyze DSC BV

imaging. Recently, consensus recommendations have been

published [46], but how to correct for contrast leakage in

the presence of a disrupted blood–brain-barrier resulting in

erroneous BV estimates is still not clear. In DSC, a pre-

bolus or various post-processing leakage correction meth-

ods (or maybe preferably both) may be applied [47]. BV

estimates are most accurate before resection and radio-

therapy and may be challenged by treatment damage and

metal implants. Figure 5 shows examples of DSC BV

imaging in neurooncology as well as an example of the

artifacts due to a metallic implant. In a PET/MRI study

combining FET and DSC, we found that susceptibility

artifacts overlapped with MRI tumor volume and interfered

with the interpretation in as many as 56% of cases [16].

Compared to DSC, the DCE approach offers several

advantages: DCE (1) is less prone to artifacts due to

metallic implants and air–bone interfaces, (2) does not

suffer from image distortions facilitating image registration

and (3) allows calculation of the actual concentration of the

contrast agent, which in turn permits more elaborate kinetic

modeling and absolute quantitation of BV and permeability

(Fig. 2) [48]. However, most vendors and third party

software solutions do not support DCE, and users usually

rely on in-house software solutions limiting more wide-

spread clinical use outside the research community.

Although increased BV is a well-established marker of

malignancy at the group level, the clinical value of BV

Fig. 4 Tumor recurrence vs. treatment effects. Transaxial T1-

weighted post-contrast MRI (top row CE T1), FET PET (center

row) and leakage-corrected blood volume maps (bottom row DSC

BV) in a patient with deep-seated glioblastoma multiforme (WHO

IV) in the left inferior occipito-temporal lobe. The initial scans at

radiotherapy planning (left) show 6 cm3 of metabolically active tumor

with FET uptake (red arrow, Tmax/B = 2.7). Six months after

termination of adjuvant temozolomide (TMZ), CE T1 MRI found

increased contrast enhancement in the left hippocampus suspicious of

tumor recurrence, and the patient was scheduled for second-line

chemotherapy. However, recurrence could not be corroborated by

supplementary FET PET/MRI DSC scanning (cyan arrow, Tmax/

B = 1.4). Evidence of tumor angiogenesis could not be identified

with certainty because of the high blood volume signal from

surrounding vasculature and choroid plexus. Follow-up FET PET/

MRI DSC after 3 months untreated showed stable conditions (right

column) supporting treatment effects
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imaging at the single-patient level remains an area of

continuing debate, both due to the lack of standardization

of image acquisition and processing, and difficulties of

interpretation related to the technical limitation of the DSC

technique.

Spectroscopy

A number of different metabolites relevant to the neuro-

oncologic assessment can be visualized with magnetic

resonance spectroscopy (MRS). The technique exploits that

protons bound in various molecules behave slightly dif-

ferently in a magnetic field due to different covalent

electrons shielding the nucleus, which makes the metabo-

lites resonate at slightly different frequencies. This small

shift in frequency makes it possible to distinguish protons

in various molecules. The area under each peak is pro-

portional to the concentration of the corresponding

metabolite. At long echo times (TE[ 130 ms), the most

prominent metabolites are N-acetylaspartate (NAA) related

to normal functioning neuronal cells, choline (Cho)

attributed to glial cell membrane turnover that correlates

with the Ki67 proliferation marker [49] and creatine (Cr).

Elevated Cho/NAA and Cho/Cr ratios have been shown to

correlate with tumor grade [50] and to aid in distinguishing

pseudo-progression from true tumor progression [51].

Reducing TE (to the order of 30 ms) makes it possible to

detect other subtle metabolites. In pediatric neurooncology,

reports suggest the possibility of discriminating between

tumor types based on the spectroscopy metabolite profile

[52], and it has been shown that the metabolite profile of

recurrent brain tumor resembles the profile at diagnosis

[53] (Fig. 1).

Although multivoxel MRS has been introduced, MRS is

traditionally performed in a single voxel typically in the

order of 1–6 mL, manually placed on the tumor border.

Fig. 5 Limitations of multimodal imaging. Transaxial slices of

contrast-enhanced T1 (CE T1), FET PET and DSC BV imaging,

compromised by imaging artifacts. The patient in the upper row had

prior surgery and radiotherapy for a sinonasal carcinoma and was

referred to distinguish tumor recurrence from treatment effects. FET

PET showed increased activity in the border of the lesions in the

frontal region (Tmax/B = 3.2) indicating recurrence, whereas blood

volume imaging (DSC BV) was not useful due to a severe

susceptibility artifact induced by the inserted titanium net. The

bottom row shows a patient with recurrent glioblastoma (WHO IV).

Excellent agreement of blood volume imaging (DSC BV) and FET

activity distribution is demonstrated, but CE T1 image quality is

degraded due to pronounced patient motion. Often a 2D T1 sequence

less sensitive to patient motion must be added
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Positioning of the voxel is user dependent; however, with

an integrated PET/MRI examination, one has the option of

positioning the voxel based on the metabolic information

from the PET acquisition, e.g., where the tracer uptake is

maximum or in an area where the information from PET

and other MR modalities are discordant, e.g., an area with

high PET uptake, but with no contrast enhancement or high

ADC.

A recent consensus statement concluded that MRS is

‘‘clinic ready for diagnostic, prognostic, and treatment

assessment’’ of a variety of brain disorders including brain

tumors [54]. However, meta-analyses have concluded that

the diagnostic accuracy of MRS for tumor grading and

separation of glioma recurrence from radiation necrosis is

only moderate [55, 56]. The clinical value of spectroscopy

for assessment of brain lesions at the single-patient level

remains controversial, and the use in clinical routine

probably reflects single-institution experiences. Currently,

at our institution, clinical brain spectroscopy is limited to

patients with metabolic disorders and is not included in

clinical brain tumor MRI protocols.

PET/MRI technical issues

Currently, clinical PET/MRI systems with simultaneous

acquisition (as Siemens mMR and GE Signa scanners) are

based on standard 3T MR systems fitted with an MR-

compatible PET detector system. In terms of specifications,

the PET and MRI systems are individually comparable to

stand-alone systems, although the Siemens system is based

on the older Magnetom Verio MR scanner and the PET

system does not provide time-of-flight imaging.

Attenuation correction

Lacking a transmission source, PET/MRI systems rely on

MR images for attenuation correction (AC) of the PET

acquisitions. Although often used, MRI-based approaches

founded on segmentation of Dixon water–fat separation

(DWFS) and the ultrashort echo time (UTE) sequences

have been shown to be inaccurate for attenuation correction

in the brain [57, 58]. Compared to CT-based AC, regional

radiotracer activity concentrations obtained using DWFS

and UTE are underestimated throughout the brain with a

strong radial bias leading to an underestimation of the outer

cortical regions and the cerebellum. Atlas-based method

improves quantitation significantly [59, 60], but are based

on patients represented in the atlas and may be difficult to

apply in a neurooncology setting to patients with skull-

deforming surgery or metallic implants, and in children.

Consequently, the standardized semi-quantitative assess-

ment of tumor extent and metabolism [61], which is one of

the main advantages of FET PET imaging, is erroneous.

Although more recent AC developments in MRI-based

methods are promising, e.g., RESOLUTE [62, 63], these

need to be thoroughly evaluated using the standard clinical

metrics for the individual tracer prior to routine clinical use

(Fig. 6). At our center, we still rely on a separately

obtained low-dose CT scan for AC for all brain PET/MRI

scans [58].

Movement artifacts

Head fixation equipment in the PET/MRI scanner is infe-

rior to stand-alone MRI systems as attenuation of the PET

signal using standard head fixation and earphones will

reduce activity in the temporal areas in the reconstructed

PET images [64]. Thus, movement artifacts constitute a

larger problem in a PET/MRI scanner compared to stand-

alone systems compromising both MRI (Fig. 5, lower row)

and PET image quality (Fig. 7). We have applied a real-

time head movement markerless tracking system (Tracol-

ine, version 2, TracInnovations, Ballerup, Denmark) using

infrared light. This allows for immediate repetition of MRI

sequences with severe movements [65, 66], and prelimi-

nary and unpublished data suggest considerable image

improvement of the PET scan when using the measured

data for motion correction (Fig. 7).

Multiparametric imaging

To date, only very few published studies have actually

investigated the potential of combined amino acid PET and

advanced MRI using hybrid systems. These studies have

mainly focused on the feasibility and agreement of

modalities [14, 16, 17] and less so on the diagnostic yield

[15], but several mostly bi-modal studies have compared

the information obtained from amino acid PET and MRI

using separate systems.

BV and amino acid PET are the most common com-

bination. Early comparative studies reported good spatial

and quantitative agreement between DSC BV and amino

acid PET [67, 68] (see Fig. 5, lower row) and of both

with histological measures of malignancy [69]. More

recent studies have confirmed a moderate quantitative

correlation of BV and PET uptake, but have also

demonstrated a poor spatial congruence in particular in

low-grade [70] and treated gliomas (Fig. 2) [14, 16, 71].

Spatial incongruence may in part be related to less clear

tumor delineation of BV imaging compared to PET

(Fig. 4) [14, 71] and impaired tumor coverage due to

susceptibility artifacts (Fig. 5) [16]. However, BV imag-

ing and amino acid PET appear to provide
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complementary information on tumor biology and may be

of value in particular in treated gliomas for separating

tumor recurrence from tissue with treatment-induced

changes or low growth potential (Fig. 4) [15, 16, 72].

MRS has been reported to supplement PET for charac-

terizing intracerebral lesions [73, 74], biopsy planning

(using multivoxel MRS) in PET-negative lesions [17, 75]

and for detection of tumor recurrence [15, 76], but the

findings are not entirely consistent as to whether the MRS

improved sensitivity or specificity, and no general con-

sensus on the choice of TE and voxel size exists.

Comparisons of PET and DWI for identifying areas of

increased malignancy have provided conflicting results

with some studies reporting good spatial agreement of PET

hot spots and areas of reduced diffusivity [77, 78], and

improved diagnostic accuracy when combing DWI and

PET [79], while others have found poor spatial correlations

[80–82] and little diagnostic value of adding DWI to PET

[15, 70].

A few studies have investigated the diagnostic yield of a

multiparametric approach using either hybrid PET/MRI or

separate systems. Yoon [83] analyzed separately obtained

FDG PET and both conventional and advanced MRI

(ADC, DSC BV and MRS) for tumor grading in patients

with untreated gliomas. Individually, the diagnostic accu-

racies of the functional imaging techniques were similar

and combining any of them to conventional MRI improved

positive predictive value from 90 to [95% and negative

predictive value from 58% to between 63% (DWI) and

86% (FDG), depending on the combination. On adding a

third parameter, the positive predictive value was [97%

and negative predictive value C80% for all combinations

(except DWI with 71%). Jena [15] investigated combined

FET and advanced MRI (ADC, MRS, and DSC BV) in

glioma patients with suspected recurrence. The accuracy of

MRS (Cho/Cr) was highest and of ADC lowest. Combining

FET, MRS and BV yielded the highest accuracy. It should

be noted that only early FET imaging 0–25 min after

Fig. 6 PET/MRI attenuation correction. Sagittal and axial image of

simultaneous 18F-FET PET/MRI acquisition of a 55-year-old female

with anaplastic oligodendroglioma (WHO III) with the tumor borders

delineated by activity[1.6 times the background in the healthy brain.

The PET reconstruction is performed applying four different attenu-

ation correction strategies using either CT (a low-dose CT performed

on a separate PET/CT scanner), Dixon water–fat separation (DWFS),

ultrashort echo time (UTE) or RESOLUTE that identifies bone signal

in the MRI. RESOLUTE (white) most accurately resembles CT

attenuation correction (black) regarding both tumor volume and

maximal tumor uptake relative to a background region (Tmax/B).

DWFS and UTE significantly overestimate volume and signal

intensity and warp the configuration of the tumor due to radial error.

The images were kindly provided by Claes Nøhr Ladefoged
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injection was acquired, BV was performed without leakage

correction and conventional MRI was not included in the

analysis. D’Souza [84] compared MET and MRI including

both MRS and DSC BV for evaluation of treatment

response in high-grade glioma (n = 29) treated with stan-

dard radio-chemotherapy. Diagnostic performance was not

significantly different, but MET tended to be more sensi-

tive (95 vs 84%) and less specific (80 vs 90%) compared to

MRI including advanced techniques. Dunet [79] performed

dynamic FET, MRI and both MRS (Cho/Cr) and DWI for

grading of untreated gliomas. The accuracy of FET (67%)

was slightly higher than histogram analysis of ADC maps

(65%) and both markedly better than MRS (48%). Optimal

sensitivity (86%) and specificity (100%) were obtained

when combining ADC and FET.

Thus, there seem to be some literature support for

increased accuracy or obtaining complementary informa-

tion when combining conventional MRI, advanced MRI

and PET. However, although various advanced MRI

techniques have been available for more than two decades,

their diagnostic and clinical value in the neuroradiology

community is not generally accepted and the incremental

value of adding advanced MRI to amino acid PET may be

even less evident.

Clinical applications

Until now, PET in brain tumor imaging has been used

primarily as a supplementary diagnostic aid performed

after an equivocal routine MRI [8]. Simultaneous PET/

MRI disrupts the sequential selection process. A more

detailed analysis of selected patient groups or clinical

questions that will benefit from both techniques is required,

and a mere substitution of routine clinical MRI with FET

PET/MRI cannot be recommended. Considering the

increased radiation burden and costs, the added clinical

value of routine PET would be disproportionally small.

The feasibility of PET/MRI for radiotherapy planning of

meningioma has been demonstrated in two smaller studies

using the somatostatin receptor II agonist 68Ga-DOTATOC

Fig. 7 Motion correction of prolonged FET PET/MRI acquisitions.

Coronal (top) and transaxial sections (bottom) of FET PET recon-

structions from 20 to 40 min post-injection of a 9-year-old boy with

giant cell glioblastoma (WHO IV). Markerless motion tracking

(Tracoline, version 2) showed periodical head movements of

10–15 mm during the 40 min dynamic FET PET acquisition. Using

continuous tracking data, motion correction (MC) at a motion

threshold of 5 mm was performed (right side), identifying and

aligning a total of four subframes. In motion-corrected images, Tmax/

B increased from 2.3 to 2.8 (19%) and the biological tumor volume

increased from 7 to 11 cm3. Data were kindly provided by Andreas

Ellegaard and Jakob Slipsager

144 Clin Transl Imaging (2017) 5:135–149

123



[85, 86]. However, as a diagnostic CT of the head is always

required for planning purposes, PET/MRI and separate CT

does not provide any advantages compared to PET/CT and

separate MRI, not least because of the AC issues in PET/

MRI that could impact the delineation of the PET volume

(Fig. 6).

In biopsy planning, most patients with a newly identified

lesion will have a recent MRI available. Thus, in a large

fraction of cases, repeating clinical MRI sequences in a

PET/MRI session add little to understanding the condition

of the patient.

We have considered that a combined amino acid PET/

MRI is likely to improve the diagnostic accuracy of stan-

dard MRI in certain clinical situations dictated by the

biological dynamics of the glioma:

1. Routine follow-up imaging is recommended in patients

with high-grade gliomas after concomitant radio-

chemotherapy in whom pseudo-progression (a toxic

reaction developing after 1–6 months mimicking

tumor progression on MRI [87]) or true tumor

progression is suspected. These are common and

clinically important conditions to recognize, as effica-

cious treatment may be substituted for second-line

therapy or renewed surgical intervention [88], and

combined imaging could accelerate decision making

compared to a sequential imaging strategy.

2. In patients where both MRI and PET are equivocal in

discriminating between tumor recurrence and treat-

ment changes, a follow-up PET/MRI after 8–12 weeks

will often resolve the issue.

3. Surveillance during chemotherapy of a low-grade

glioma using PET/MRI may detect malignant trans-

formation earlier [89].

4. PET/MRI at the first follow-up after initiating second-

line chemotherapy, such as anti-angiogenic treatment,

may allow early discrimination of responders from

non-responders [90, 91].

5. Surveillance using PET/MRI during chemotherapy

treatment pause (‘‘drug holiday’’) in high-grade glioma

may detect recurrence earlier.

All the above situations, however, do not require

simultaneous acquisition in a PET/MRI scanner, but can be

solved by sequential imaging with MRI followed by PET

scan on the same day for most patients. This has success-

fully been implemented at our institution. There are still a

number of drawbacks using the combined PET/MRI

scanner as compared to sequential imaging that need to be

addressed:

1. PET/MRI is still a rather exclusive machinery and the

present technical standard in the PET and MRI

components is not state of the art in all available

systems.

2. The software solutions and the stability of the scanner

are less robust as compared to stand-alone scanners

and the clinical throughput of the combined scanner is

significantly lower.

3. The aforementioned issues about attenuation correc-

tion affect the quantitative reliability and demands

extra attention to the PET image.

4. The patient comfort is decreased when positioned in

the narrower bore of the combined PET/MRI scanner,

increasing the sensation of claustrophobia.

5. A rigid head fixation cannot be performed because of

increased attenuation and only non-attenuating equip-

ment should be used. Movement artifacts are thus more

common in PET/MRI (Fig. 7) than in stand-alone

scanners.

6. Earphones are still not standard equipment and thus the

communication with the patient during the scan is

hampered, decreasing the cooperation of the patients

and image quality of the scan.

Thus, in our institution, neurooncology PET/MRI is

prioritized for two indications: imaging research trials and

pediatric neurooncology. In predictive biomarker imaging

trials of new treatments to identify early responders, the

reduced number of imaging procedures may be a signifi-

cant factor in patient recruitment, simplifying the work

flow and reducing costs for patient and neurooncologist.

This is particularly important in multitracer studies, i.e.,

an FDG PET/MRI in combination with an FET PET/CT

(Fig. 2).

In pediatric neurooncology, there are additional factors

to consider which make hybrid PET/MR an attractive

technology in this group of patients:

1. The imaging environment is particularly unpleasant for

the pediatric patient. Hybrid techniques should be

prioritized to reduce this burden. Patients in the age of

0–6 years (and sometimes older) will require general

anesthesia, and it may be considered unethical to

perform two separate procedures if they can be

combined into a single procedure.

2. The coregistration of separate FET PET and MRI is

often challenged in children due to:

(a) the relatively larger field of view including high

uptake areas of the mouth;

(b) differing head positioning strategies;

(c) the frequent location of pediatric tumors in the

fossa posterior or medulla;

(d) high extracerebral FET uptake, e.g., in the bone

marrow;
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Coregistration issues can often be solved by removing

images from the caudal field of view [92], but obtaining the

scans in the same space in a PET/MRI scanner is superior.

3. When the tumor is located in the medulla oblongata or

spinal cord, coregistration to MRI is challenged by the

non-rigid position of the body and PET/MRI ensures

correct alignment.

The clinical use of PET in pediatric neurooncology

should be regarded as a research area. The literature is

scarce, tumor histology is highly heterogeneous and often

unusual, and evidence cannot be directly transferred from

adult neurooncology that is dominated by gliomas. The

literature of PET/MRI in pediatric neurooncology is lim-

ited to case reports and feasibility studies [93], but the

prevailing literature does support a role for amino acid

PET/MRI in pediatric neurooncology [73, 94–97].

Although PET/MRI thus appears to be the method of

choice in pediatric neurooncology, its practical use is often

difficult. The lengthy 90 min PET/MRI scan sessions when

performing combined brain and spinal cord imaging may be

stressful. Also, at our institution, the practical logistics of

anesthesia has proven challenging and has limited access to

imaging in younger children. The earlier-mentioned draw-

backs using PET/MRI in adults also apply to children, and

novel attenuation correction strategies need to be validated

in the pediatric population separately taking the developing

skull into account. Claustrophobia is more pronounced

when using PET/MRI without earphones and isolated from

comforting parents. Head movements are a problem in PET/

MRI because of the longer acquisition times and the special

demands for head fixation in children with smaller heads. In

the pediatric population, the spinal cord is often included in

the protocol because of the higher incidence of both primary

tumors and metastases in this region. However, we have

found limited clinical value of routine PET of the spinal

cord and confine spine imaging to post-contrast MRI in

patients without known spinal lesions. More details on the

PET/MRI pediatric (and also adult) neurooncology work

flow may be found in a separate publication [98].

Conclusion

The use of combined PET and MRI is highly relevant in

neurooncology and the use will increase during the years to

come, whether obtained on separate or hybrid systems.

Combining amino acid PET with advanced MRI shows

promising results, but more research is needed to identify

the most optimal use. In a clinical setting, a PET/MRI scan

may increase accuracy in discriminating recurrence from

treatment changes, although sequential same-day imaging

on separate systems will in most situations constitute a

reliable and cost-effective alternative to hybrid PET/MRI.

In pediatric patients, however, the stress of two separate

examinations is significant, especially when sedation or

general anesthesia is required, and this patient group will

benefit most from simultaneous PET and MR imaging.

Also in clinical trials, a combined PET/MRI examination

may aid recruitment, standardize imaging and reduce the

number of scanning procedures.

There are still a number of caveats in using a PET/MRI

scanner, but solutions to overcome the challenges are being

developed. Next-generation PET/MRI scanners will hope-

fully improve patient comfort and realize the full one-stop-

shop potential of hybrid PET/MRI in neurooncology.
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