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Abstract

Purpose Conventional MRI, the gold standard in structural

brain imaging, alone has its limitations in pre-operative

tumour grading, biopsy targeting, determination of accu-

rate tumour margins prior to surgical resection/radiation

therapy, detection of tumour recurrence and determination

of early therapeutic response. The aim was to introduce and

review two of the recently most discussed adjunct modal-

ities for molecular imaging in glioma: PET and MRS, and

the combination of both.

Methods A PubMed search with a combination of the

terms ‘‘MRS’’, ‘‘glioma’’ and ‘‘glioblastoma’’, ‘‘brain

tumour’’, ‘‘positron emission’’ and ‘‘PET’’ was carried out.

These results were complemented with a search of the

authors’ own files. Preclinical in vitro studies as well as

animal studies were excluded.

Results Published single modality data show that 1H-MRS

and PET perform similarly in answering clinical questions,

which cannot be adequately answered by conventional MR

imaging alone. Original articles including patients with

gliomas and combining the PET and MRS modalities

within the same study were scarce and resulted in 17

research papers. These articles especially point to a spatial

correlation between 1H-MRS metabolic ratios and amino

acid uptake and a positive relationship with histologically

proven cell proliferation markers, indicating diagnostic

improvement in the differentiation between glioma and

benign lesions, in the delineation of brain tumours and in

the differentiation between treatment-related changes and

tumour progression.

Conclusion PET and 1H-MRS have shown their value in

the non-invasive diagnosis of gliomas delivering meta-

bolic tumour information in addition to pure structural

information from conventional MRI or CT alone. The

very few studies, which were conducted evaluating 1H-

MRS and PET in combination, indicate a diagnostic

benefit from a combined imaging approach in glioma and

encourage more systematic investigation—ideally car-

ried out in multicentric settings, in experienced neu-

roimaging centres (with access to integrated PET/MRI

scanners), using standardized imaging- and analysis

protocols.
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Purpose

Conventional magnetic resonance imaging (MRI) has been

established as the gold standard for structural imaging of

primary brain tumours. However, not all common clinical

questions occurring in the management of gliomas are

adequately answered by conventional MRI alone, including

pre-operative tumour grading, optimization of biopsy tar-

geting and determination of accurate tumour margins for

resection and radiation therapy planning. During follow-up,
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difficulties may arise regarding the detection of tumour

recurrence and its differentiation from post-therapeutic

changes as well as regarding the determination of early

response to radiochemotherapy or antiangiogenic therapy.

Recently introduced, sophisticated imaging methods aim-

ing to provide biochemical and molecular information of

glioma, which we summarized under the headword of

‘molecular imaging’, seek to complement the conventional

MRI technique. In this article, we review two of the

recently most discussed modalities for molecular imaging

in glioma: positron emission tomography (PET) and mag-

netic resonance spectroscopy (MRS), as well as their

combination. Both modalities have been used for several

years now, but in many aspects they are still limited to

highly specialized imaging centres and not established for

broader clinical use.

Methods

Positron emission tomography

Positron emission tomography (PET) is a nuclear medicine

imaging technique that produces three-dimensional images

of functional processes in the body. The PET scanner

detects pairs of anti-parallel gamma rays emitted after the

annihilation of positrons which are in turn generated during

the decay of certain radioisotopes. Agents studied for

imaging of brain tumours include radionuclide-labelled

glucose, amino acids and nucleosides. A favourable trait of

PET is the possibility to accurately quantify radiotracer

concentrations which are known to be increased in cancer

tissue compared with normal cells.

While the technique of PET imaging in principle

reveals excellent molecular sensitivity down to nanomolar

concentrations, resolution is limited physically to a few

millimetres, and its diagnostic value is greatly influenced

by the biodistribution of the radiopharmaceutical used, as

well as its specificity for the process to be imaged. The

elegance and effectiveness of PET imaging are further-

more accompanied by several drawbacks related to the

production of radiopharmaceuticals: the most commonly

used radioisotopes 18-fluoride (18F) and 11-carbon (11C)

are cyclotron-produced and short-lived. Consequently,

on-site cyclotrons have to be available for 11C-labelled

compounds (20 min. half-life). 18F features a little more

convenient 110 min, which allows for the delivery of the

radiotracer within a radius of about 200 km around the

site of production. Radiation has to be taken into account

(2–4 mSv using current scanners, equalling 1–2 diag-

nostic cranial CT scans), but is acceptable, considering

the still relatively limited prognosis of brain tumour

patients.

18F-fluorodeoxyglucose (FDG)

FDG has long been used to measure metabolic brain

activity, as glucose is the main substrate for cerebral

energy supply. FDG is transported into the cell and sub-

sequently phosphorylated to FDG phosphate, but does not

enter the Krebs cycle or non-oxidative glycolysis, and

therefore accumulates in proportion to glucose transporter

and hexokinase activity. This property is taken advantage

of in neuro-oncologic imaging, as tumours are supposed to

exhibit increased glucose uptake and/or metabolism.

However, several limitations exist: the marked background

brain uptake especially in grey matter hampers identifica-

tion and quantification particularly in smaller lesions; low-

grade gliomas often do not exhibit increased FDG uptake

due to moderate metabolic activity; and unspecific tracer

uptake, e.g. in case of inflammation, occurs and reduces

specificity. Nevertheless, FDG has been used to distinguish

low-grade (grade I/II) from high-grade (grade III/IV)

gliomas [1, 2], and has shown a certain ability to differ-

entiate between tumour recurrence and therapy-related

changes during follow-up [3], while intensity of FDG

uptake has been linked to prognosis and survival [4].

18-F-fluoroethyltyrosine (FET) and 11-C-

methionine (Met)

Amino acid radiotracers are another class of long-estab-

lished oncologic PET agents. While FDG is nowadays

preferred for tumour imaging at most sites in the body,

FET and Met are particularly attractive for imaging of

brain tumours: normal brain tissue shows only low back-

ground activity, and increased amino acid uptake can be

demonstrated in most high-grade gliomas and in a fair

proportion of low-grade gliomas even in the absence of a

disturbed blood–brain barrier [5]. The uptake mechanism

in brain tumours is still under investigation, but over-ex-

pression of amino acid transporters such as LAT1 [6]

appears to play a crucial role. Met was introduced earlier

and has been shown to provide good imaging characteris-

tics; however, the short half-life of its 11C-labelling limits

the use to centres with an on-site cyclotron. 18F-FET-PET

has demonstrated similar imaging properties to 11C-Met-

PET, and is therefore often preferred due to its more

convenient use. Sensitivity and specificity for the detection

of glioma tissue have been shown to be satisfying for the

amino acid tracers [7], and the area of increased uptake in

PET is often larger than that of MRI or CT contrast

enhancement, improving identification of tumour margins
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and infiltration zones [8]. Biopsy targeting may be

improved by FET and Met imaging as well, due to their

correlation with cell density and metabolism [9]. Finally,

amino acid PET is a valuable tool to differentiate treatment

effects from tumour progression [10]. The added value of

dynamic FET imaging, usually covering 40 min of con-

tinuous PET acquisition, is discussed somewhat contro-

versially [11], but may provide useful information with

respect to pre-operative grading and follow-up imaging

[12–14]. In addition, metabolic volume and uptake

heterogeneity in FET-PET imaging might give clues to the

prognosis of glioma patients [15–17], and there have been

studies pointing out a potential role of pre-operative FET-

PET imaging for the recognition of histopathological

characteristics of gliomas [18, 19]. Current recommenda-

tions by the Response Assessment in Neuro-Oncology

(RANO) working group propose amino acid PET to com-

plement MRI in a number of clinical questions, and point

out the superiority over FDG imaging in brain tumours

[20, 21].

Dihydroxy-18F-fluoro-L-phenylalanine (F-DOPA)

The main application of PET with F-DOPA, another amino

acid tracer, is the assessment of presynaptic dopamine

synthesis capacity in the brain, e.g. in the evaluation of

movement disorders such as Parkinson’s disease. That said,

its kinetics are relatively similar to FET and methionine,

and an elevated PET signal in brain tumours has been

reported several years ago [22]. Akin to the amino acid

tracers discussed above, the uptake of F-DOPA appears to

depend on amino acid transporters such as LAT1 and 2

[23]. While one study suggested superior imaging proper-

ties compared to the more established amino acid tracers

[24], this has been contradicted by newer results [25]. The

current consensus is that F-DOPA has no major advantages

or disadvantages over FET and methionine, but this topic is

subject to further research. Due to the high physiological

F-DOPA uptake in the striatum F-DOPA, PET might be

inferior to FET- or Met-PET in the accurate delineation of

brain tumours located in the deep white matter in close

vicinity to the striatum. The decision which agent to use

might in some cases also depend on the local situation

regarding tracer approval by regulatory authorities and the

more complex synthesis of F-DOPA compared to FET.

18F-fluorothymidine (FLT)

Radio-labelled nucleosides have been proposed as an

alternative to the above-mentioned tracers as indicators of

cellular proliferation, DNA and RNA synthesis. FLT is

supposed to be metabolized by thymidine-1-kinase [26]

and correlates well with histologic markers of mitosis [27].

However, penetration of the blood–brain barrier is very

limited, and low-grade gliomas normally do not show

significantly elevated tracer uptake [28]. While FLT is

relatively seldom used compared to the above-mentioned

tracers, its link to proliferative activity may make it a

favourable agent for therapy monitoring of gliomas in the

future.

Proton magnetic resonance spectroscopy

Magnetic resonance spectroscopy (MRS) non-invasively

delineates brain tumours by their biochemical profiles. In

brain tumour imaging, proton MRS (1H-MRS) is com-

monly used while other MRS-types like 31P-MRS and 13C-

MRS are of minor importance up to now [29]. 1H-MRS

exhibits information on metabolite levels in brain tissue,

depicting this information in spectra (see Fig. 1). Important

metabolites that can be shown in 1H-MRS are as follows:

– Lactate (Lac): Lactate is produced via aerobic glycol-

ysis by tumour cells and normally not found in healthy

brain tissue [29–32].

– N-Acetyl aspartate (NAA): NAA is a known neuronal

marker and shown to be decreased in glioma tissue

[29, 33–35].

– Creatine (Cr): Creatine is involved in cellular energy

metabolism [29, 36].

– Choline (Cho): Choline metabolism is known to be

important for oncogenesis; elevated choline levels are

typical in proliferative diseases [29, 37].

– Lipids (Lip): lipids correlate with necrosis in brain

tumours and are usually not found in healthy brain

tissue [29, 38, 39].

– Glutamate (Glu): glutamate is an important neurotrans-

mitter and shown to be important for gliomagenesis

[40–42].

MRS can be performed as single-voxel (SV) which

might be more suitable for focal lesions and as multi-voxel

(MV) or chemical shift imaging (CSI) which shows spectra

of multiple regions [43]. Besides the metabolites, also the

ratios of metabolites play an important role in the diagnosis

of intracranial neoplasms. Intracranial tumours display the

following typical spectra:

– Reduction of NAA as well as the NAA/Cr ratio due to

the reduced number of viable neurons.

– Decrease of Cr.

– Increase of Cho as well as the ratios Cho/NAA and

Cho/Cr due to the high proliferation of tumours.

– Lactate peak [29, 43–47].

The Cho/NAA ratio was shown to be a robust parameter

for the diagnosis of tumours in 1H-MRS [46]; this was also

confirmed by histopathological analysis [48, 49]. The Cho/
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NAA ratio showed higher sensitivity and specificity in the

delineation of low-grade and high-grade gliomas than the

NAA/Cr and Cho/Cr ratios [50]. The Cho/Cr ratio corre-

lates with cell density in histopathological analysis [49].

Discrimination between radionecrosis and viable tumour

via the Cho/Cr ratio as well as the Cho/NAA ratio was

reported with only moderate accuracy [51].

In the beginning of 1H-MRS, studies have shown dif-

ferences in metabolite levels between healthy brain tissue

and brain neoplasms [52]. Thus, spectroscopic parameters

are considered as prognostic biomarkers in the initial

evaluation of glioma patients. There have been several

studies illustrating the value of 1H-MRS in the diagnosis of

brain tumours regarding the prediction of tumour grade

[53, 54] and patient’s prognosis [55, 56]. A previous study

suggested 1H-MRS in combination with diffusion-weighted

imaging as a promising tool for differentiation between

tumour progression and pseudoprogression [57].

Another interesting approach is the 2-hydroxyglutarate

MRS [58]. Mutation of isocitrate dehydrogenase (IDH) is

common in WHO grade 2 and 3 tumours, and plays an

important role for patients’ outcome which has also been

addressed in the new classification of CNS tumours of 2016

[59]. Patients with mutation of IDH show an accumulation

of 2-hydroxyglutarate (2-HG) [60]. Choi et al. described

that 2-HG MRS is able to detect IDH mutations non-in-

vasively in vivo [58, 61] in gliomas. This might not only be

important for initial diagnosis and differentiation from

other diseases such as inflammation but also for diagnosis

of recurrent disease of IDH-mutated gliomas [61].

Drawbacks of MRS include a relatively high sensitivity

to susceptibility artefacts, a property that precludes the use

of the method especially in patients with tumours close to

the air-filled spaces of the sinuses in frontobasal or tem-

poral locations. Higher magnetic field strengths improve

the resolution of MRS, but also increase the tendency of

producing artefacts.

Multi-parametric imaging combining MRS and PET

Multi-parametric imaging using both 1H-MRS and PET,

combining and analysing the modalities in an appropriate

Fig. 1 Example MR

spectroscopy and FET-PET in a

patient with glioblastoma. A

58-year-old patient with

untreated right frontal

glioblastoma. a, d 1H-MRS in

the tumour shows elevated

choline and decreased creatine

and NAA levels, b, e 1H-MRS

in normal brain tissue for

comparison, c FET-PET scan

30 min after tracer injection
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manner, promises to enhance sensitivities and specificities,

and consequently increase the value for the clinician.

However, relatively few studies have been conducted to

directly compare and correlate 1H-MRS and PET in brain

tumours. We performed a PubMed search with a combi-

nation of the terms ‘‘MRS’’, ‘‘glioma’’ and ‘‘glioblastoma’’,

‘‘brain tumour’’, ‘‘positron emission’’ and ‘‘PET’’; the

results were complemented with a search of the authors’

own files. Original articles including human patients with

gliomas and actually combining the modalities within the

same study were extracted, resulting in 17 research papers.

Table 1 provides an overview of the articles.

Results

Pioneering work, with regard to FDG and 1H-MRS, was

carried out by Alger et al. comparing FDG uptake and

spectroscopy in intracranial gliomas, showing moderate

correlations [33]. Prat et al. found in a series of 26 patients

that 1H-MRS using the Cho/NAA ratio was superior to

FDG in detecting progression in glioma after therapy, but

suggested that a multi-modal approach would be prefer-

able, although this claim was not backed up by a dedicated

analysis [62]. To the contrary, Imani et al. [63] reported a

slightly higher accuracy for FDG PET than for Cho/Cr

spectroscopy in a cohort of grade 2 and grade 3 gliomas,

and a congruency of diagnoses in 75% of cases. In a study

on paediatric brain tumours, moderate spatial agreement of

hot spots in Cho/NAA 1H-MRS and FDG PET could be

shown [64]. For a combination of FLT PET and 1H-MRS,

Colet et al. could demonstrate accurate pre-therapeutic

grading of gliomas [65], and Weber et al. showed that

similar targets for biopsies are identified by FLT PET, FDG

PET and 1H-MRS [66]. In more recent publications, it has

been shown that FDG PET and MRS can be combined

favourably in order to detect progression in gliomas [67],

while grading information was congruent [68]. In paedi-

atric patients, 1H-MRS was able to detect diffuse brainstem

glioma, and was superior to FDG PET for this purpose

when combined with diffusion- and perfusion-weighted

MR imaging [69].

The growing interest in amino acid PET tracers fos-

ters their use in multi-modal imaging studies. Floeth

et al. compared 1H-MRS Cho/NAA ratios and FET

uptake for differentiation between glioma and benign

lesions [70] and showed that, while performing quite

similar in this setting, a combination of the two

modalities results in further diagnostic improvement. In

an investigation on high-grade gliomas after

Table 1 Studies comparing 1H-MRS and PET

Study Purpose MRS parameters PET

tracers

Pat.# Added

value

Results/comments

Alger et al. [33] Initial evaluation Lac, NAA, Cho, Cr FDG 28 n/a Correlative study

Floeth et al. [70] Diff T/NN Cho/NAA FET 50 yes Combination superior

Stadlbauer et al.

[79]

Correlation, grading Cho/NAA FET 15 n/a Good correlation

Nakajima et al. [72] Diff P/RN Cho/Cr, Lac/Cho MET 18 n/a MRS similar to MET

Prat et al. [62] Diff P/RN Cho/NAA FDG 26 n/a MRS superior to FDG

Weber et al. [66] Biopsy targeting Cho/Cr, Cho/NAA FLT, FDG 61 n/a Similar target areas

Hipp et al. [64] Spatial correlation Cho/NAA FDG 37 n/a Moderate spatial

correlation

Goda et al. [69] Grading prognostication Cho/Cr, Cho/NAA FDG 20 n/a MRS superior to FDG

Bisdas et al. [74] Grading Cho/Cr, Cr/NAA, Cho/

NAA

MET 28 n/a MRS superior to MET

Yoon et al. [68] Grading Cho/Cr, Lip/Cr, Lac/Cr FDG 60 n/a FDG similar to MRS

Gempt et al. [49] Biopsy targeting Cho/Cr, Cr/NAA FET 38 yes Combination superior

Imani et al. [67] Diff P/RN Cho/Cr, Cho/NAA FDG 12 yes Combination superior

Dunet et al. [73] Grading Cho/Cr FET 38 yes ADC superior to MRS

D’Souza et al. [71] Diff P/RN Cho/Cr MET 29 n/a MET similar to MRS

Mauler et al. [75] Spatial correlation Cho/NAA FET 14 n/a Poor spatial correlation

Morana et al. [76] Diff T/NN

prognostication

Lip, Lac F-DOPA 27 n/a F-DOPA similar to MRS

Collet et al. [65] Grading Cho/Cr, Cr/NAA, Cho/

NAA

FLT 39 n/a FLT superior to MRS

Diff T/NN differentiation tumour/non-neoplastic, Diff P/RN differentiation progression/radionecrosis, Cho choline, Cr creatine, NAA N-acety-

laspartate, Lip lipids, Lac lactate, ADC apparent diffusion coefficient
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radiochemotherapy, D’Souza et al. demonstrated the

improved diagnostic performance for detection of

recurrence of both methionine PET and 1H-MRS using

Cho/Cr ratios compared to conventional MRI, but did

not execute analyses on agreement and added value of

the two modalities [71]. Nakijima et al. published con-

gruent results, emphasizing the importance of the high

specificity of amino acid PET which can be of use for

multi-modal analyses [72]. In another study by Dunet

et al., dynamic FET-PET was compared with diffusion-

weighted imaging and Cho/Cr spectroscopy for pre-op-

erative grading of gliomas, showing that the first two

modalities exhibited good accuracy which increased

further when combined, while 1H-MRS was not com-

paratively useful in this cohort [73]. Furthermore,

methionine PET uptake and Cr/NAA ratio were corre-

lated in a study by Bisdas et al. [74], while Gempt et al.

verified this relation for FET and additionally showed

that biopsies taken from glioma metabolic hot spots

determined by FET-PET and 1H-MRS had higher Mib1

values, corresponding to increased mitotic activity [49].

Mauler et al., to the contrary, demonstrated only poor

spatial congruence of FET uptake and Cho/NAA spec-

troscopy [75]. In a recent work by Morana et al., the

performance for the detection of vital tumour and

prognostication in paediatric supratentorial gliomas was

assessed, and F-DOPA and 1H-MRS performed similarly

in this setting [76].

To sum up, published data suggest that 1H-MRS and

PET perform similarly in answering critical clinical

questions which cannot be adequately answered by con-

ventional MR imaging, including pre-operative detection,

staging and delineation of brain tumours, and differenti-

ation between treatment-related changes and tumour

progression during follow-up. However, only a handful of

studies commented on the added value provided by the

combination of both modalities, a topic which is becom-

ing of particular interest with the advent of simultaneous

PET/MRI, offering increased patient convenience in the

sense of a ‘one-stop-shop’ and improving spatial and

temporal coregistration. Imaging protocols are currently

being established for integrated PET/MRI scanners [77],

and new applications for the combination of PET and 1H-

MRS, such as PET-guided spectroscopy, are thought up

and are waiting to be evaluated systematically [78]. The

published results regarding multi-modal analysis of com-

bined 1H-MRS and especially amino acid PET are

promising, constantly showing a significant benefit

through the combination of both modalities. Nevertheless,

data on the topic are still scarce, and further studies with

larger patient numbers are needed to establish the use-

fulness of a combined multi-modal approach.

Conclusion

Since several years now, PET and 1H-MRS have shown

their value in the non-invasive diagnosis of gliomas

delivering metabolic tumour information in addition to

pure structural information from conventional MRI or CT

alone. To date, only few studies were conducted evaluating
1H-MRS and PET in combination, indicating a benefit from

a combined imaging approach, and encouraging further

studies on the topic—ideally carried out in experienced

neuroimaging centres with access to integrated PET/MRI

scanners.
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