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Abstract
Purpose  Gliomas, the most common primary brain tumours, have recently been re-classified incorporating molecular aspects 
with important clinical, prognostic, and predictive implications. Concurrently, the reprogramming of metabolism, altering 
intracellular and extracellular metabolites affecting gene expression, differentiation, and the tumour microenvironment, is 
increasingly being studied, and alterations in metabolic pathways are becoming hallmarks of cancer. Magnetic resonance 
spectroscopy (MRS) is a complementary, non-invasive technique capable of quantifying multiple metabolites. The aim of 
this review focuses on the methodology and analysis techniques in proton MRS (1H MRS), including a brief look at X-nuclei 
MRS, and on its perspectives for diagnostic and prognostic biomarkers in gliomas in both clinical practice and preclinical 
research.
Methods  PubMed literature research was performed cross-linking the following key words: glioma, MRS, brain, in-
vivo, human, animal model, clinical, pre-clinical, techniques, sequences, 1H, X-nuclei, Artificial Intelligence (AI), 
hyperpolarization.
Results  We selected clinical works (n = 51), preclinical studies (n = 35) and AI MRS application papers (n = 15) published 
within the last two decades. The methodological papers (n = 62) were taken into account since the technique first description.
Conclusions  Given the development of treatments targeting specific cancer metabolic pathways, MRS could play a key role 
in allowing non-invasive assessment for patient diagnosis and stratification, predicting and monitoring treatment responses 
and prognosis. The characterization of gliomas through MRS will benefit of a wide synergy among scientists and clinicians 
of different specialties within the context of new translational competences. Head coils, MRI hardware and post-processing 
analysis progress, advances in research, experts’ consensus recommendations and specific professionalizing programs will 
make the technique increasingly trustworthy, responsive, accessible.
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Abbreviations
2HG	� 2-HydroxyGlutarate
α-KG	� α-KetoGlutarate
AI	� Artificial Intelligence
ANN	� Artificial Neural Network
BHB	� Beta-HydroxyButyrate
CA	� Contrast Agent
CHESS	� Chemical Shift Selective Saturation
Cho	� Choline-containing compounds
CNR	� Contrast-to-Noise Ratio
COSY	� Correlation Spectroscopy
Cr	� Creatine
CSI	� Chemical Shift Imaging
d-DNP	� Dissolution Dynamic Nuclear Polarization
EGFR	� Epidermal Growth Factor Receptor
EPSI	� Echo-Planar Spectroscopic Imaging
FID	� Free Induction Decay
FLAIR	� Fluid-Attenuated Inversion Recovery
GABA	� Gamma-AminoButyric Acid
GBM	� GlioBlastoma Multiforme
GLAST	� GLutamate-ASpartate Transporter
Gln	� Glutamine
Glu	� Glutamate
Gly	� Glycine
GPC	� GlyceroPhosphoCholine
GRAPPA	� Generalized Autocalibrating Partially Parallel 

Acquisition
GSH	� Glutathione
HP	� HyperPolarization
IDH	� Isocitrate DeHydrogenases
Lac	� Lactate
Lip	� Lipids
LASER	� Localization by Adiabatic Selective 

Refocusing
LOH	� Loss Of Heterozygosis
MEGA	� MEshcher-GArwood
MGMT	� O6-Methylguanine-DNA Methyltransferase
mIns	� Myo-Inositol
MOIST	� Multiple Optimizations Insensitive Suppres-

sion Train
MRI	� Magnetic Resonance Imaging
MRS	� Magnetic Resonance Spectroscopy
1H MRS	� Proton Magnetic Resonance Spectroscopy
MRSI	� Magnetic Resonance Spectroscopic Imaging-

mTOR = Mammalian Target Of Rapamycin
NAA	� N-AcetylAsparate
ODG	� Oligodendroglioma
OVS	� Outer Volume Suppression
PC	� PhosphoCholine
PCr	� PhosphoCreatine
PHIP	� ParaHydrogen Induced Polarization
PI3K	� PhosphoInositide-3-Kinase
PKC	� Protein Kinase C

PRESS	� Point REsolved Spectroscopy
RF	� RadioFrequency
SABRE	� Signal Amplification by Reversible Exchange
SAHA	� SuberoylAnilide Hydroxamic Acid
SAR	� Specific Absorption Rate
SENSE	� Sensitivity Encoding
SLAM	� Spectroscopy with Linear Algebraic 

Modelling
SLIM	� Spectral Localization by Imaging
SMS	� Simultaneous Multislice Imaging
SNR	� Signal-to-Noise Ratio
SPECIAL	� SPin ECho Full-Intensity-Acquired 

Localization
SPICE	� Spectroscopic Imaging by Exploiting spatio-

spectral Correlation
SSFP	� Steady-State Free Precession
STEAM	� STimulated Echo Acquisition Mode
SVM	� Support Vector Machine
SWAMP	� Suppression of Water with Adiabatic-Modu-

lated Pulses
Tau	� Taurine
TE	� Echo Time
TR	� Repetition Time
TERT	� TElomerase Reverse Transcriptase
VAPOR	� VAriable Power radio-frequency pulses with 

Optimized Relaxation delays
WET	� Water Suppression Enhanced through T1 

effects

Introduction

Gliomas are the most common primary brain tumours often 
associated with dismal prognosis. They have recently been 
re-classified [1] based not only on histological findings but 
also on molecular aspects with important clinical implica-
tions for prognosis and treatment. As a result, the choice of 
optimal treatment and management of clinical trials would 
be enhanced, enabling the analysis of known and novel 
therapies [1, 2].

Moreover, the metabolic reprogramming in response to 
oncogenic mutations plays a critical role in tumorigenesis 
deeply altering intracellular and extracellular metabolites, 
and affecting gene expression, differentiation and tumour 
microenvironment [3]. Consequently, alterations in meta-
bolic pathways are important hallmarks of cancer.

Although conventional magnetic resonance imaging 
(MRI) is the gold standard in gliomas diagnosis and follow-
up, it cannot provide information about tumour viability or 
activity: this can hinder the distinction of treatment effects 
from tumour progression. The need for accurate in vivo 
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biomarkers of gliomas metabolic activity represents one of 
the main research and clinical challenges [4].

Advanced MRI techniques can provide a valuable aid to 
conventional MRI for a more exhaustive characterization of 
tumoral tissue, such as the degree of cellularity (diffusion-
weighted imaging) and the neo-angiogenesis (perfusion-
weighted imaging).

Magnetic resonance spectroscopy (MRS) is a comple-
mentary, non-invasive technique capable of quantifying mul-
tiple metabolites, thus helping to answer many important 
clinical questions: differentiating tumours from other focal 
lesions, identifying the optimal biopsy sites in heterogene-
ous gliomas as well as improving the in vivo characterization 
of brain tumours even when surgery is not indicated, moni-
toring treatment response, and guiding treatment planning 
[5, 6].

Considering the development of treatments targeting can-
cer metabolism in clinical trials [7], MRS may play a key 
role in allowing tissue characterization with a non-invasive 
metabolic assessment for patients’ stratification, monitoring 
treatment response, prediction and prognosis.

Since almost all biological molecules contain protons and 
the proton has a high gyromagnetic ratio, proton magnetic 
resonance spectroscopy (1H MRS) is extensively used to 
monitor the levels of cellular metabolites, including in the 
field of neuro-oncology [8].

This review focuses on the methodology and analysis 
techniques in 1H MRS, including a brief look at X-nuclei 
MRS, and its perspectives for diagnostic and prognostic bio-
markers in gliomas in both clinical practice and preclinical 
research.

Acquisition

As the metabolism of the brain vary with pathology, MRS 
can provide invaluable information about a lesion and its 
peri-lesional environment that is not otherwise available 
from MRI [9]. While single-voxel spectroscopy results in a 
high signal from a specific localized brain region, multivoxel 
spectroscopy (named MR spectroscopic imaging, MRSI, or 
chemical shift imaging, CSI) covers a larger brain area and 
can gain different data from heterogeneous tumours and 

Table 1   Brief summary of benefits and drawbacks of the main MRS / MRSI pulse sequences used in clinical practice and pre-clinical research

Method Benefits Drawbacks

PRESS Spin echo MRS Full signal (spin echo) Small voxel size
3D voxel localization Long acquisition time
Long minimum TE

STEAM Stimulated echo MRS Sharply defined voxel Low SNR (stimulated echo)
Short minimum TE
Low RF power, thus low SAR

LASER Adiabatic pulses MRS Absence of chemical shift artifacts High RF power, thus high SAR
Long minimum TE
Low dependence on B1

SPECIAL High signal intensity with short TE Full signal (as PRESS) At least two scans required
Short achievable TE (as STEAM) Subject motion artifacts
Low dependence on B1 Long acquisition time

EPSI Fast CSI with echo planar encoding High acceleration for larger volumes Gradients demanding
Constant k-space weighting Sensible to field inhomogeneity

Low SNR
Limited spectral bandwidth
Limited spatial resolution

2D COSY 2D correlation spectroscopy Resolves overlapping multiplets of J-coupled 
spin systems

Residual unsuppressed water 
contaminations

Long acquisition time
MEGA-PRESS MEGA-suppressed MRS Suppression of overlying metabolites signals Sensible to field inhomogeneity

Efficient water suppression Long acquisition time
Insensibility to flip angle errors
Absence of phase distortions
Short minimum TE
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peri-tumoral tissue. The voxel size has to be large enough 
to obtain a high signal-to-noise ratio (SNR) but at the same 
time fairly small to provide an adequate spatial resolu-
tion. Many efforts have been undertaken in recent years to 
enhance the acquisition techniques related to spatial resolu-
tion, timing, spectral quality, and the role of 1H MRS has 
advanced from identifying generic glial tumour signatures to 
the identification of specific onco-metabolites [10].

In the next section, the main MRS acquisition techniques 
will be discussed. (Table 1) summarizes the benefits and the 
drawbacks of the reported MRS pulse sequences used in 
clinical practice and pre-clinical research.

PRESS

The Point RESolved Spectroscopy (PRESS) sequence is the 
firstly proposed and the most widely used sequence for MRS 
acquisitions [11]. It is a double spin-echo pulse sequence 
characterized by three subsequent slice-selective radiofre-
quency (RF) pulses (90° – 180° – 180°) applied simulta-
neously to three orthogonal field gradients for shaping the 
acquisition voxel. Thus, at time TE (echo time) the signal 
is a spin echo derived only from protons located where the 
three RF-induced planes overlap and are subjected to all 
RF pulses.

STEAM

As opposed to PRESS which relies on spin-echo signals, 
STimulated Echo Acquisition Mode (STEAM) sequence 
is based on the application of three slice-selective 90° RF 
pulses to generate a stimulated echo [12]. Compared to 
PRESS, the STEAM sequence has many advantages. First 
of all, the minimum reachable TE can be very short allow-
ing short-T2 metabolites detection. Then, the use of only 
90° pulses allows for better voxel definition, higher pulse 
bandwidth thus reducing chemical shift displacement arti-
facts, and lower applied RF power, i.e., lower SAR (Specific 
Absorption Rate) levels. Despite this, STEAM is less com-
monly used than PRESS, primarily because it has a lower 
SNR than the latter, due to the presence of stimulated echoes 
instead of spin echoes. Indeed, the PRESS sequence is char-
acterized by a signal doubled with respect to STEAM [13].

LASER

The Localization by Adiabatic Selective Refocusing 
(LASER) sequence uses a non-slice-selective adiabatic half-
passage excitation pulse, before three pairs of adiabatic full-
passage refocusing pulses [14, 15]. This technique allows 
overcome some in vivo MRS limitations [16], in particular 
additional J-refocused artefactual peaks, chemical shift arti-
facts and sensitivity to RF field inhomogeneity.

LASER requires long TE values because of the above-
mentioned three pairs of adiabatic 180° pulses. In the semi-
LASER sequence, one 180° pulse pair is replaced by a slice-
selective excitation pulse. This enables the reduction of TE 
values up to 50 – 30 ms [17–19].

LASER is usually combined with Outer Volume Suppres-
sion (OVS) before the localization sequence and VAPOR 
(VAriable Power radio-frequency pulses with Optimized 
Relaxation delays) scheme for the water suppression (see 
the Water suppression paragraph).

SPECIAL

The SPin ECho Full-Intensity-Acquired Localization (SPE-
CIAL) sequence brings together the full signal intensity of 
PRESS and the short TE of STEAM. SPECIAL uses an 
alternating slice-selective adiabatic inversion pulse followed 
by a 90°–180° slice-selective spin-echo sequence [14, 20]. 
Similarly to LASER, the SPECIAL protocol exploits OVS 
and VAPOR. SPECIAL method has many advantages, such 
as the short TE comparable with STEAM, the preserva-
tion of the full magnetization, and the reduction of the RF 
dependence thanks to the adiabatic inversion pulse. Its most 
significant drawback is that this technique requires at least 
two acquisitions as the localization is obtained through the 
subtraction of two subsequent Free Induction Decay (FID) 
signals, thus making the scan very sensible to subject motion 
[16].

2D e 3D multivoxel CSI

Spectroscopic maps from multivoxel acquisitions are par-
ticularly useful to monitor metabolites’ distribution and con-
centration. The basic sequence in 2D CSI is a PRESS with 
phase encoding gradients applied in two directions to obtain 
a planar matrix of acquisition voxels [21]. An example of a 
3D CSI sequence is composed of a RF non-selective pulse 
with phase-encoding gradients in three directions. The major 
advantages of the multivoxel CSI technique are the coverage 
of a larger area and a higher spatial resolution compared to 
single voxel acquisitions. The main disadvantages are the 
long acquisition times, a lower SNR and an increased pos-
sibility of spectral contamination from neighbouring voxels 
[22, 23].

EPSI

Proton echo planar spectroscopic imaging (EPSI) is a fast 
MRS technique that exploits the echo-planar encoding with 
the use of very short TE. It is increasingly used in brain stud-
ies thanks to its ability to cover large volumes in a short time 
while achieving high spatial and temporal resolutions [24]. 
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An oscillating read-out gradient is used to collect a single 
k-space raw at succeeding time points, allowing simultane-
ous acquisition of spectral information and spatial localiza-
tion. Phase-encoding gradients along the other axes permit 
2D or 3D acquisitions [25]. EPSI has been employed to map 
metabolite spatial distributions directly relating them to the 
brain anatomy [26].

Spiral CSI

Spiral CSI is a fast technique for accelerating the acquisi-
tion compared to the traditional phase-encoded CSI. Spiral 
encoding is an alternative to EPSI obtained by sampling 
data using oscillating gradients along two axes. Therefore, 
k-space is repeatedly sampled along a curved trajectory from 
the centre to the periphery. A significant advantage of spiral 
CSI over EPSI is that it reduces phase errors thanks to the 
continuous sampling of the k-space centre [27, 28].

Spiral CSI is the ideal technique for hyperpolarized 13C 
studies. In addition, it has an increasing importance in 1H 
MRSI of the brain, with a recent strong clinical use for brain 
tumours [29–31].

2D COSY

Two-dimensional COrrelation SpectroscopY (2D COSY) is 
a method to separate signals that would overlap in conven-
tional 1D spectroscopy. The resulting data are collected for 
each voxel in a bi-dimensional plane with two frequency axes 
(in contrast to the classic chemical shift-intensity graph), thus 
peak positions are specified by two frequency coordinates 
[32]. It consists of a 90° RF pulse followed by an additional 
90° pulse after an appropriate evolution time. This technique 
is very useful when multiplets overlap or when many cou-
plings complicate the spectrum analysis [33]. In this sequence, 
unpaired nuclei are located on the diagonal of the spectral 
plane, while off-diagonal peaks are generated by coupled 
nuclei (peaks area is proportional to the number of nuclei con-
tributing to that position). Since 2D COSY is characterized by 
very long scanning times, EP-COSI (Echo Planar Correlated 
Spectroscopic Imaging) and ME-COSI (Multi Echo Correlated 
Spectroscopic Imaging), were adapted, reducing the scanning 
time to about 20 min [34]. COSY is part of the technical set 
used for the 2-HydroxyGlutarate (2HG) detection in Isocitrate 
DeHydrogenases (IDH)-mutated gliomas [35].

MEGA

MEshcher-GArwood (MEGA) is a frequency selective 
method [36] proposed for achieving solvent suppression in 
MR pulse sequences based on either spin echo or stimulated 
echo acquisition.

MEGA water suppression is based on the application of 
two frequency selective 180° refocusing pulses. This tech-
nique has some advantages, including the insensitivity to flip 
angle errors, the absence of resulting phase distortion and 
the easiness of implementation since the RF pulses are iden-
tical [37]. It is widely used both with PRESS and STEAM 
sequences.

MEGA-PRESS was introduced to exploit the MEGA 
suppression scheme for PRESS sequences. It has been used 
for Gamma-AminoButyric Acid (GABA) measurements 
since other techniques can hardly detect this neurotransmit-
ter peaks, due to the overlap with other metabolites [38]. 
Another application of MEGA-PRESS and of tailored 
PRESS sequences is the quantification of 2HG to determine 
the IDH status of brain gliomas [39].

Water suppression

MRS exploits the principle that protons belonging to differ-
ent compounds resonate at slightly different Larmor frequen-
cies (chemical shift).

Water is the major component of brain tissues. Since its 
concentration is in the molar range,

water protons signal overcomes the ones generated by 
small metabolites that are present in millimolar concentra-
tions. Thus, methods aimed to suppress the water in vivo 
prominent signal at ~ 4.68 ppm are mandatory.

A commonly used approach is the CHESS (Chemical 
Shift Selective Saturation) [40]. Typical CHESS variants 
that allow an improved water suppression, despite requiring 
a longer acquisition time, are MOIST (Multiple Optimiza-
tions Insensitive Suppression Train), SWAMP (Suppres-
sion of Water with Adiabatic- Modulated Pulses), VAPOR 
(VAriable Power radio-frequency pulses with Optimized 
Relaxation delays), and WET (Water Suppression Enhanced 
through T1 effects) [41–44]. Frequency-selective suppres-
sion pulses can be executed preliminary or in the middle of 
the spectroscopic acquisition: for example, while STEAM 
sequence performs CHESS-like saturation during the mixing 
time, MEGA is included between 180° pulses [36].

Acceleration methods

In vivo MRSI long acquisition times are due to the slow 
phase-encoding gradients needed to properly encode chemi-
cal shift and to the long time required by multivoxel locali-
zation [45]. Acquisition time reduction can be reached by 
decreasing the pulse sequence Repetition Time (TR) or 
acquiring multiple echoes in a single TR.

SSFP (Steady-state free precession) is a gradient-echo 
pulse sequence in which the residual transverse magnetiza-
tion is maintained between successive excitation cycles. To 
reach a steady state, the magnetization must have the same 
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behaviour in every TR. The k-space is sampled point by 
point with very short TR values [46]. A low spectral resolu-
tion was reachable by means of the original SSFP scheme 
used in first preclinical studies analysing only single metabo-
lites at a time [47]. Later, when acquisition was improved to 
attain higher spatial and spectral resolution, research on the 
human brain began [48].

The turbo-spin echo technique encodes multiple k-space 
lines in a single TR. Unlike conventional spin-echo 
sequences, multiple 180° pulses with different phase-encod-
ing gradients are used after the initial 90° pulse. Scan times 
can be reduced from 30 to about 10 min [49], but the use 
of this method is limited by the loss in SNR and spectral 
resolution, the increased sensitivity to lipid contamination 
and the significant T2-decay with the consequent decrease 
in low-T2 metabolites signal [24, 25, 45].

K-space under-sampling is another method suitable for 
accelerating both MRI and MRSI sequences. Since a smaller 
subset of k-space data is acquired, the reconstruction of the 
missing points is mandatory. GRAPPA (Generalized Auto-
calibrating Partially Parallel Acquisition) and SENSE (Sen-
sitivity Encoding) are the most widely used parallel imaging 
acquisition schemes, with scan times reduced from 30 to 
6–10 min [50, 51]. SMS (Simultaneous Multislice Imaging) 
technique exploits the simultaneous excitation of multiple 
slices with a single RF pulse [52]. The Compressed Sens-
ing MRI exploits the intrinsic sparsity of medical images to 
undersample k-space and it allows to lower the acquisition 
time from 15 to about 3 min [25, 53].

To improve the quality of the results obtained with accel-
erated MRSI techniques, spatial and spectral a priori infor-
mation can be incorporated in data reconstruction. In SLIM 
(Spectral Localization by Imaging), the acquisition voxel 
can be shaped to the arbitrary shape of brain structures or 
lesions, but with the restrictive hypothesis of compartmen-
tal metabolic homogeneity [54]. SLAM (Spectroscopy with 
Linear Algebraic Modelling) replaces the SLIM compart-
mental homogeneity with a set of voxels characterized by 
the same metabolite concentrations [55]. SPICE (Spectro-
scopic Imaging by Exploiting spatio-spectral Correlation) 
exploits both spectral and spatial a-priori knowledge so 
that the spectrum of each voxel is represented by the linear 
superposition of a small number of basis functions relative 
to specific subspaces (including metabolites, lipids, water 
and macromolecules) [45, 56, 57].

Post‑processing: metabolite’s quantification

MRS aims to analyse the chemical composition of tissues 
to detect even millimolar concentrations of metabolites that 
would indicate a particular pathological condition. The most 
investigated metabolites by 1H MRS in neuro-oncology are 

N-AcetylAsparate (NAA), choline-containing compounds 
(Cho) including phosphocholine (PC), glycerophospho-
choline (GPC), and free choline, GABA, lactate (Lac), free 
lipids (Lip), creatine (Cr), phosphocreatine (PCr), glutamate 
(Glu) and glutamine (Gln) also referred as the composite 
Glx peak, myo-Inositol (mIns), glycine (Gly), glutathione 
(GSH), taurine (Tau), Beta-HydroxyButyrate (BHB) and 
more recently 2HG [8, 58]. The area under the peak is pro-
portional to the concentration of the metabolite(s) respon-
sible for generating that signal [59]. The acquired spectra 
will then be fitted to perform an absolute quantification or to 
calculate the signal ratios between metabolites peaks. Peak 
integration and other techniques can be performed after 
water signal suppression.

Peak integration (traditional approach)

The easiest method to quantify peaks amplitude consists in 
calculating the area under the peak in the frequency domain 
[60–62] using simple numerical integration. The first step 
is to define the frequency range where the peak of interest 
falls. The area under the curve is then calculated and an esti-
mate of the baseline is subtracted. When dealing with clearly 
distinguishable signals, this simple approach works well.

Peak fitting methods and a‑priori knowledge 
approach

For in vivo studies, the utmost complexity of spectroscopic 
data requires algorithms for fitting peaks to a mathemati-
cally defined model with a known integral value, which are 
far more accurate in estimating metabolic concentrations to 
solve the problem of overlapping peaks. These methods are 
more useful if combined with a priori information about the 
metabolites set giving rise to the spectrum [63]. The most 
widely used software solutions based on these approaches 
are JMRUI (Java-based Magnetic Resonance User Interface), 
LCModel (Linear Combination Model) and INSPECTOR.

JMRUI is a free software that employs a Java-based 
graphical user interface to perform advanced time-domain 
analysis on MRSI data. It includes two major types of quan-
tification methods, black-box and interactive methods, such 
as AMARES (Advanced Method for Accurate, Robust and 
Efficient Spectral fitting) using a priori knowledge and 
QUEST, based on the availability of metabolites signal basis 
set [63, 64].

Recently, LCModel became a free software and it is capa-
ble of performing frequency domain analyses of MRS data, 
requiring little user inputs [65]. It benefits from the maxi-
mum possible level of a-priori knowledge (e.g., information 
on the position and intensity of metabolite peaks) through a 
predetermined series of basis sets. Magnetic field strength 
and pulse sequence TE determine loaded basis functions. 
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Results of the analysis pipeline include, along with the table 
of metabolites concentrations with their standard deviations, 
a graphical depiction of the acquired spectrum in the fre-
quency domain.

MRS data can be easily converted to concentrations of 
metabolites also using INSPECTOR, which is a free and 
intuitive software application. It is developed in MATLAB 
(https://​it.​mathw​orks.​com/​produ​cts/​matlab.​html) and it is 
managed through a graphical interface. As with LCModel, 
metabolites quantification is performed by fitting acquired 
data based on a linear combination of spectra models [66].

MRS for glioma characterization in clinical 
practice

From a technical point of view, the echo time (TE) used 
in 1H MRS acquisitions defines which metabolites can 
be detected and quantified, depending on their T2 relaxa-
tion time besides the peaks overlapping and the tissue 
concentration.

“Long‑T2 metabolites”

 The expression “long-T2 metabolites” refers to a metabolite 
set that can be revealed by long TE (in the order of 140 ms) 
pulse sequences and include Cho, Cr, NAA, Lac and Lip  
[58].

NAA gives the largest signal in the healthy brain, it is 
synthesized in neurons, and it is considered a neuronal 
marker and thus a neuronal health, functionality, and den-
sity indicator. The Cho signal comes from the precursors and 
breakdown products of the membrane phospholipid phos-
phatidylcholine; thus, Cho peak intensity is associated with 
cell proliferation. High levels of Cho together with reduced 
levels of NAA can discriminate between regions of tumour 
and normal brain [67] while a decrease in the peak of NAA 
is a hallmark of lower-grade gliomas even in the absence of 
Cho increase [68]. A different arrangement of these metabo-
lites can help determine whether the tumour has infiltrated 
beyond the enhanced lesion, which in turn can guide the 
selection for biopsy and for radiotherapy [69] (Fig. 1).

High-grade gliomas may be misdiagnosed as low-grade 
gliomas by conventional MRI and some studies reported 
that MRSI can detect early shifts to anaplasia sooner than 
other MRI techniques [70]. In studies mostly focusing on 

Fig. 1   A, C left to right: diffuse brain gliomas, hyperintense on 
long TR (T2/FLAIR) sequences, without contrast enhancement 
(T1-weighted post-Gadolinium MRI); B MRSI shows slight elevation 

in Cho/Cr ratio and reduced NAA in grade 2 Astrocytoma; D pro-
nounced Cho/Cr increase and NAA decrease in grade 3 Astrocytoma

https://it.mathworks.com/products/matlab.html
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low-grade glioma and glioblastoma multiforme (GBM), 
Cho/NAA and Cho/Cr ratios as well as the presence of Lac 
or Lip have been identified as useful parameters in determin-
ing the glioma grade and in predicting survival [69, 71, 72]. 
Nevertheless, in cohorts that included only gliomas without 
enhancement and with scarce perilesional oedema [73], the 
Cho/Cr values were similar in grades II and III and slightly 
higher in grade IV.

Generally, the diagnostic accuracy of the Cho/Cr ratio 
was slightly higher compared to Cho/NAA or NAA/Cr ratios 
[73]. The difference between tumour and normal paren-
chyma was quantified by a z-score metric to help accurately 
describe metabolic lesions. This index was named Cho to 
NAA Index (CNI) and it resulted to be more robust than 
metabolites ratios and absolute quantification [74].

Lip and Lac [75, 76] are substantially absent in the nor-
mal brain, and they indicate areas of cell death and necrosis 
(as in grade IV gliomas or radiation necrosis) or hypoxia (as 

in aggressive gliomas or antiangiogenic therapy) [58, 77] 
(Fig. 2), respectively.

The quantification of these peaks requires a magnetic 
field strength ≥ 1.5 T for spectral resolution.

“Short‑T2 metabolites”

 The “short-T2” (sequence TE below 50 ms) metabolic 
set includes mIns, Gly, Glu, Gln and GSH [58]. mIns is 
an osmolyte present in astrocytes and linked to the cell 
membrane and myeline, whose role as PKC (protein kinase 
C) activation promoter may be associated with aggressive 
behaviour of high-grade gliomas [78]. The mIns and Gly 
peaks often overlap. Increased mIns/Cr, [mIns + Gly]/Cr 
and Gly/Cr ratios were found in all grades of glial tumours 
compared with normal-appearing white matter [79]. 
In vivo and ex vivo MRS studies suggested mIns/Cho ratio 

Fig. 2   A, C left to right: frontal cortical-subcortical brain gliomas, 
hyperintense on T2-weighted MRI, without contrast enhancement 
(T1-weighted post-Gadolinium MRI); B MRSI shows elevation in 

Cho/Cr ratio, a noticeable Lac peak, and reduced NAA in grade 3 
Astrocytoma; D even more pronounced Cho/Cr increase, a noticeable 
Lac peak, and NAA decrease in grade 2 ODG
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may help differentiate between low-grade and high-grade 
gliomas, as well as gliosis from recurrent glioma [80].

The Gln pathway is emerging as a marker of cancer 
prognosis and a target for new treatments. Gliomas are 
characterized by an abnormal consumption of Gln as an 
energy source, thus increased Gln concentrations may be 
associated with treatment resistance and proliferation.

In murine models and in preliminary data about glioma 
patients, Glu has been detected in enhancing lesions and at 
higher levels in perifocal FLAIR (FLuid-Attenuated Inver-
sion Recovery) hyper-intensities as to trace the infiltrating 
path [81].

The quantification of these peaks is better recognized at 
high field strength (≥ 3 T) for higher spectral resolution.

Assessment of glioma type

Gliomas are diagnosed and classified on the basis of the 
combination between histology and molecular markers [1]. 
Specifically, IDH1/2 mutations, 1p/19q loss of heterozygo-
sis (LOH), histone H3 alteration, epidermal growth factor 
receptor (EGFR), 10q deletion, telomerase reverse tran-
scriptase (TERT) and ATRX mutation, and O-6-methyl-
guanine-DNA methyltransferase (MGMT) methylation are 
useful pathology indicators.

Low-grade gliomas represent 30% of all gliomas [82], 
their evolution is towards malignancy although the survival 
rates range from less than 2 years in IDH wild-type GBM to 
more than 10 years in IDH mutant-1p19q LOH oligodendro-
glioma (ODG). Clinical approaches range from ‘‘wait and 
see’’ to early diagnosis through biopsy or surgical resection 
[83].

An increase in Cho/NAA and Cho/Cr reflects a trend of 
malignancy, with the exception of ODG (Fig. 2), considered 
less aggressive due to their peculiar structure [71, 84]. The 
Gln and Glu levels have been described to be increased in 
low-grade ODG compared with low-grade astrocytomas [85] 
and mIn/Cr might help distinguish ODG and astrocytomas 
[86].

The loss of two enzymes on chromosome 1p leads to cys-
tathionine accumulation and MRS cystathionine levels were 
found higher in 1p19q LOH. Upon verification of its diag-
nostic validity, cystathionine could be a biological marker 
for ODG [87].

IDH status and 2HG‑MRS

IDH1 (97%) and IDH2 gene mutations are reported in about 
86% of grade II and III gliomas while in secondary GBM are 
initial and stable mutations. IDH1 is the cytosolic enzyme 
that catalyses the oxidative decarboxylation of isocitrate to 
α-KetoGlutarate (α-KG) and IDH1-mutated cells catalyse 

the reduction of α-KG to 2HG, which drives tumorigen-
esis and is thus defined as ‘oncometabolite’ [88, 89]. IDH 
mutations determine significantly better prognosis and are 
included in the World Health Organization Classification of 
Central Nervous System Tumours since 2016 as fundamen-
tal items. Moreover, target therapies have been developed 
and are currently being evaluated.

Since 2012, specifically tailored MRS sequences (includ-
ing PRESS, MEGA-PRESS, 1D LASER, 2D LASER, 
MEGALASER, STEAM and EPSI) have been implemented 
to detect and quantify 2HG (2HG-MRS). The difficulty lies 
in 2HG low concentration and in the 2HG peaks (2.25 and 
4.02 ppm) overlapping with more abundant metabolites [78, 
90, 91] (Fig. 3). This oncometabolite can be detected by 
3 T or higher magnetic strength with intermediate TE. Low 
cellularity and small lesion volume are important limits of 
2HG-MRS.

The above-mentioned techniques evolved and improved 
their accuracy and nowadays can be effective in character-
izing naïve and recurrent gliomas, assessing infiltration and 
monitoring response to treatment. Even though single-voxel 
and multivoxel spectroscopy have been successfully used 
in several studies on glioma patients, 2HG-MRS has not 
yet been validated for widespread clinical use and it is still 
limited to a few research centres.

MRS for assessing response to therapy

Pseudoprogression, radiation necrosis and recurrent 
tumour

Pseudoprogression is a non-tumoral increase in the contrast-
enhancing lesion that can occur within 3–6 months after 
radiotherapy or chemotherapy without significant clinical 
worsening and it disappears or stabilizes on subsequent MRI 
without any therapy change. This is a concern for patient 
management in the clinic and in clinical trials. 1H MRS 
may diagnose pure pseudoprogression in the rare cases of 
absence of infiltration, but in the most frequent mix scenario, 
specific treatment-induced features are lacking [92]. Com-
bined with conventional MRI, the discriminating accuracy 
of these methodologies has been reported to be as high as 
96% when the Cho/NAA, Cho/Cr, diffusion and perfusion 
parameters are included [93, 94].

Radiation necrosis can occur within the radiation field 
six months after radiotherapy and it is characterized by 
irregular ring enhancement without hyper-perfusion, and 
inconstant oedema. MRS shows substantial Lip peak and 
harmonic decrease of the other metabolites. A mix scenario 
with glioma and treatment-related effects is often the rule, 
and MRS can be useful (as far as perfusion-weighted MRI, 
detecting metabolic instead of vascular signs) to highlight 
the presence of glioma within the radiation necrosis (high 
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lipids and non-harmonic decrease of the other metabolites 
with high Cho/NAA) and the glioma infiltration within 
oedema or gliosis (Fig. 4).

In particular, the post-radiotherapy evolution of the spec-
tral changes associated with Cho compounds is predictive 
of tumour response: patients with increasing Cho/NAA val-
ues during radiotherapy were more likely to progress early 
[95] while Cho reduction at 2 months post-radiotherapy 
provide prognostic information regarding progression-free 
and overall survival [96]. In recurrent gliomas treated with 
GammaKnife, a reduction of Cho levels and an increase in 
Lac + Lip concentrations was observed within the radiosur-
gery target, generally within 6 months after treatment. By 
contrast, an increase in Cho is associated with a poor out-
come, indicating tumour recurrence before new enhance-
ment can be detected [97].

Response to chemotherapies, antiangiogenics, 
immunotherapy

Twelve months after Temozolomide administration, there 
were significant reductions in the mean Cho signal in low-
grade gliomas [98], whereas at 14 months follow-up a rapid 
and wide change in MRS profile during early response and 
later progression was detected, suggesting an early defining 
characteristic [99].

Among patients with GBM who were treated with antian-
giogenics at the time of tumour recurrence, a rise in NAA/
Cho levels was associated with a better therapeutic response 
during the first weeks [100, 101].

During antiangiogenic therapy, Lac can possibly be found 
in areas where the water diffusivity is reduced, reflecting 
treatment-related hypoxia rather than tumoral hyper-cellu-
larity and aggressiveness. Moreover, when pseudo-response 

Fig. 3   2HG detection by 
in vivo brain MRS (tailored 
PRESS TE = 97 ms single-voxel 
sequence). A 7 T MRS: in 
xenograft (IDH1-mutant mouse 
glioma) 2HG peak (2.25 ppm) 
is absent in healthy brain (left) 
and detectable when glioma is 
growing (right) (courtesy of 
Pellegatta [110]); B 3 T MRS: 
2HG is quantifiable in an IDH1-
mutant glioma human patient
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reduces the contrast enhancement but not the tumour itself 
and perfusion studies are biased by the anti-vascular effect 
of the treatment, MRS can be useful either to confirm a 
true response or to evaluate residual or progressing glioma 
infiltration.

As far as immunotherapy is concerned, lipids have been 
described as the substrate of natural killer T-cells [102] and 
the presence of an abundant Lip peak might be associated 
with a better immune response given the relevance of natural 
killer in immune-responsive GBM receiving immunotherapy 
with dendritic cells [103].

MRS in pre‑clinical research

High-field nuclear magnetic resonance phenomenon ben-
efits from a higher SNR, contrast-to-noise ratio (CNR) 
and spectral resolution, making it suitable for multiple 
pre-clinical research applications. Horizontal-bore MRI 
scanners are commonly employed for preclinical research 
purposes as they are suitable for a wide variety of sam-
ples: cell lines (live cultures or fixed specimens, lysates) 
[104–106], animal models (typically, rodents like mice 
and rats) [81, 107], surgical samples or biopsies [108], 
excreta and micro-dialysates [109]. Animal models are 
employed engrafting animal tumour lines [110] or as 
patient-derived xenografts, in which patients’ tumour 

Fig. 4   MRS in necrotic enhancing lesions. A MRSI: high Cho/Cr 
ratio, reduced NAA and small Lipids peak in GBM; B MRSI: prom-
inent Lip peak without alteration of the other metabolites’ ratios in 

radiation necrosis; C single-voxel MRS: disharmonic reduction of 
Cho, Cr, NAA and predominant Lip peak suggest the co-existence of 
high-grade glioma and radiation necrosis
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tissue or cells are implanted into immune-deficient ani-
mals [81]. As part of preclinical research, MRS metabo-
lites quantification is used not only to refine diagnostic 
tools, which can correct for the limitations of Gd-based 
contrast-enhanced MRI, but also to investigate tumour 
behaviour and its response to chemo-radiotherapy and 
advanced therapies.

MRS to improve diagnostic capacity

Since the GBM infiltration zone is difficult to visualize by 
MRI due to blood–brain barrier incomplete leakage, it poses 
particular challenges both to diagnosis and treatment target-
ing. To overcome this issue, Cudalbu and colleagues [111] 
reported biological features of invasive tumour growth based 
on transcriptomic and metabolic changes observed in mouse 
xenografts and in the corresponding patients’ tumours. GBM 
invasion and growth were associated with decreasing neu-
ronal metabolism (GABA, Glu, and NAA) and an increase 
in cellular turnover specific markers (Cho and mIns). In 
addition, xenografts metabolite signatures, reflecting tem-
poral changes in tumour evolution, revealed high similarity 
with metabolite quantifications across patients’ tumour areas 
characterized by different growth and infiltrative behaviours.

Preclinical studies designed to characterize in  vivo 
the IDH1 mutation of GBM xenografts through MRI and 
MRS resulted in IDH1-mutated tumours exhibiting signifi-
cant increased NAA, PCr, MIns, Tau concentrations and a 
decreased concentration of GSH, Glu, Lac and PC as well as 
the expected increase in 2HG, compared to IDH1-wildtype 
controls.

MRS to monitor response to therapy

Radiotherapy

GBM is characterized by high resistance to chemo-radio-
therapy, mainly due to a surviving fraction of stem-like cells 
with peculiar metabolic features.

GABA, Glu, Lac, Lip, PCr, and Glucose quantification 
by 1H MRS contributed to the study of cellular metabo-
lism in GBM stem-like cells with different metabolic and 
genetic signatures following various radiotherapy interven-
tions [112].

In U87 and C6 glioma cells [106] irradiated with escalat-
ing doses of X-rays, in vitro high-resolution MRS showed 
that the Cho/Cr and Cho/NAA ratios increased after irradia-
tion in a dose-dependent manner. The invasion ability and 
the number of invading glioma cells also had a high positive 
correlation with the Cho/Cr and Cho/NAA ratios.

High-field MRS was acquired before irradiation of GBM 
xenografts in nude mice before and after single fraction radi-
otherapy: Ala, mIns, Tau, Cr + PCr, Glu + Gln, and total Cho 

decreased in the short term, followed by an increase 14 days 
post treatment [113].

IDH‑mutations and 2HG

Pellegatta and collaborators [110] evaluated 2HG production 
in vivo employing 1H MRS absolute quantification in mice 
bearing R132H IDH1-mutated GL261 gliomas. The find-
ings supported the translational potential of MRS-guided 
immunotherapeutic targeting of gliomas carrying IDH1 
mutations [110].

IDH1 inhibitors AG-881 and BAY-1436032 induced a 
significant reduction in in vivo 2HG, a significant early and 
sustained increase in Glu, and a transient early increase in 
NAA concentration [114]. Moreover, animals had improved 
survival and metabolic changes were observed before any 
measurable difference in tumour volume [114].

The phosphoinositide-3-kinase (PI3K)/mammalian tar-
get of rapamycin (mTOR) pathway represents another ther-
apeutic target for gliomas with IDH1 mutation, but clear 
indicators of treatment target modulation are still lacking. 
Batsios and colleagues [115] tried to identify MRS-detect-
able metabolic fingerprints associated with IDH1-mutated 
glioma response to the dual PI3K/mTOR inhibitor XL765. 
It resulted to induce a significant reduction in different 
intracellular metabolites, such as 2HG and longer survival 
following treatment, but without significant inhibition of 
tumour growth.

As temozolomide is widely administered to patients with 
IDH1-mutant gliomas, Subramani and colleagues [116] used 
1H MRS and hyperpolarized 13C MRS to identify increased 
Glu production as a potential metabolic biomarker of temo-
zolomide response in genetically engineered and patient-
derived models: in temozolomide-treated cells a significant 
increase in Glu and 13C-Glu levels was observed. Further-
more, in vivo 1H MRS performed in mouse models resulted 
in an increase of Glu and Gln prior to tumour shrinkage.

GLAST‑expressing gliomas and Glu

GLAST (Glutamate-ASpartate Transporter) is expressed by 
astrocytes and plays a role in Glu uptake [81]. GBM cells 
heavily express GLAST on their plasma membranes, and its 
presence correlates with a decreased patient survival rate. 
Corbetta and colleagues [81] demonstrated that GLAST 
inhibition by UCPH-101 limited the growth and invasion of 
GBM xenografts; Glu quantification performed by 1H MRS 
was shown to predict the infiltrative pattern of high-grade 
glioma in vivo in murine models, preceding visible progres-
sion on conventional MRI [81].



507Clinical and Translational Imaging (2022) 10:495–515	

1 3

Other therapies

Aberrant histone de-acetylation that silences tumour sup-
pressor genes during carcinogenesis may represent another 
important therapeutic target for gliomas. SuberoylAnilide 
Hydroxamic Acid (SAHA) is a well-known inhibitor of his-
tone deacetylase activity but it triggers neoplastic cell re-
differentiation and cytostasis rather than tumour size reduc-
tion, thus limiting the use of standard imaging techniques. 
Wei and collaborators [117] investigated the changes in the 
metabolism induced by an initial response to SAHA treat-
ment in a rat glioma model by 1H MRS: untreated tumours 
resulted in significantly higher alanine and Lac levels and 
reduced mIns, NAA, and Cr concentrations.

A potential complementary approach to conventional 
therapies is interstitial photodynamic therapy, although a 
suitable treatment scheme still remains under investigation 
[118]. Nude rats bearing stereotactic-implanted GBM xen-
ografts were treated by interstitial photodynamic therapy, 
immediately after intravenous injection of photosensitizer 
agents, and 1H MRS identified Lip, Cho and mIns levels 
as promising biomarkers to distinguish responders from 
non-responders.

Ciusani group [119] evaluated the effects of a ketogenic 
diet on tumour metabolism of a GL261 mouse glioma model 
by high-field 1H MRS. After implantation, animals were fed 
standard chow or underwent a ketogenic diet and after 9 days 
in the ketogenic regime, decreased GABA, NAA, NAAG 
levels were found in tumour tissue, while a great increase of 
BHB was detected in the tumour tissue as compared to the 
normal brain [119].

MRS contrast agents for pre‑clinical research

MRS is usually limited to endogenous metabolites. Exog-
enous MRS contrast agents could improve the specificity 
and sensitivity of MRS, and the synthesis of new disease-
specific contrast agents may lead to molecular imaging 
improvements even for those tumours “invisible” to standard 
contrast-enhanced MRI.

β-alanine loaded hollow mesoporous silica nanospheres 
were synthesized and investigated by Wang et al. [120], 
resulting in a high biosafety profile and a characteristic 
spectrum highly sensitive to the MRS diagnosis of glioma.

Delgado-Goñi [121] assessed the contrast agent feasibil-
ity of DiMethyl SulfOxide (DMSO), a solvent for chemo-
therapeutic agents commonly used in preclinical studies on 
high-grade glioma, in normal brain and in GL261 GBM of 
C57BL/6 mice by single-voxel MRS to detect brain tumours 
and monitor their progression or therapeutic response.

X‑nuclei MRS

MRS of the so-called X nuclei (especially 31P, 13C, and 19F) 
is possible with dedicated coils and it is emerging for pre-
clinical research broadening in neurology and neuro-oncol-
ogy [7, 122].

The 31P nucleus is 100% naturally abundant, but being 31P 
MRS less sensitive than 1H MRS, it requires longer acqui-
sition times and/or larger voxels. Nonetheless, 31P MRS 
can provide interesting information about 31P-containing 
metabolites involved in energy and phospholipid pathways, 
such as PCr, ATP, PC, phosphoethanolamine (PE), and glyc-
erophosphoethanolamine (GPE) [8]. As GBM term refers 
to a set of heterogeneous tumours, the use of phosphorous 
MRS may show differences in cellular energy metabolism 
in the various sub-populations of GBM [123]. EGFR-ampli-
fied tumours had significantly lowered PCr/Pi and PCr/ATP 
ratios, and higher PME/PDE and Pi/ATP which might point 
out its lower oxidative capacity. The MGMT-methylated 
tumours resulted in a similar behaviour [123]. Moreover, 
GBM patients’ energetic and membrane metabolism is mod-
ified in the entire brain, and 31P MRS may also investigate 
changes in the presumably “normal-appearing” tissue. This 
could potentially lead to a more reproducible and reliable 
non-invasive diagnosis and more individualized therapies 
[8, 124].

In contrast to 1H- and 31P MRS, the 13C MRS sensitiv-
ity is limited by 13C nucleus low natural abundance (1.1%) 
and low gyromagnetic ratio. Therefore, 13C MRS has to be 
used after the exogenous infusion of a 13C-labeled contrast 
agents (CA) [114, 125].The 19F nucleus has a 100% natural 
abundance and its SNR is about 89% of 1H per nucleus. 
Since there is negligible endogenous fluorine signal from 
the body, 19F MRI has a potentially extremely high CNR if 
a fluorinated contrast agent is introduced even if a very high 
19F nuclei density on the molecule and a high tissue con-
centration are both required to produce a detectable signal. 
Lai et al. [126] designed a multimodal imaging approach 
that employed 1H MRS, 13C MRS and 18FDG PET (Posi-
tron Emission Tomography) to assess in vivo the metabo-
lism of invasive glioma mouse xenografts. Another group 
[127] investigated by means of 1H and 19F MRS the 2HG/Cr 
ratio and the brain penetration of BAY1436032, a fluorine-
containing inhibitor of the R132X-mutant IDH1, in IDH1-
mutated glioma patients’ serum and mice xenografts IDH1.

Hyperpolarized MRS

As small metabolites are present in low concentrations, they 
may be under the detection limits of conventional MR meth-
ods. Efforts to improve the signal by increasing the scanner 
magnetic field are limited by costs and practical constraints. 
On the other hand, signal intensity and thus sensitivity could 
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be enhanced by several orders of magnitude by exploiting 
different hyperpolarization techniques.

MR signal depends on the slight difference between 
populations of nuclear spins parallel and anti-parallel to the 
main magnetic field (polarization), typically in the range of 
0.0001 to 0.0005% depending on the nucleus and the applied 
magnetic field strength. The high concentration of protons 
in water and fat makes clinical MRI possible despite poor 
polarization levels. The term hyperpolarization (HP) indi-
cates a significant redistribution of the nuclear spin popula-
tions. After hyperpolarization, the signal from a given num-
ber of nuclear spins can be raised by a factor of 10,000 or 
more with respect to equilibrium conditions [128].

Several techniques have been adopted to achieve liquid 
and gas CA hyperpolarization either completely or on the 
order of parts per hundred rather than parts per million [129, 
130].

Generally, these methods transfer the polarization from 
easy-polarizable systems to the interested nuclear ensemble. 
Regardless of the exploited method, the hyperpolarized spin 
states are unstable, i.e., the induced nonequilibrium decays 
during a relatively short time.

Among all HP methods, the following are noteworthy 
in neuro-oncology MRS field. Dynamic Nuclear Polariza-
tion (DNP) is based on the transfer of polarization from the 
unpaired electron spins of paramagnetic centres to neigh-
bouring nuclear spins through dipolar interactions [131]. 
ParaHydrogen Induced Polarization (PHIP) methods exploit 
the spin order of the parahydrogen singlet state that can be 
converted into observable magnetization through fast chemi-
cal reactions across unsaturated chemical bonds adjacent to 
13C carboxyl or 15 N nuclei of the labelled substrate [132]. 
Finally, Signal Amplification by Reversible Exchange 
(SABRE) is a relatively new PHIP-based technique that 
reaches hyperpolarization without changing the chemical 
identity of the informative agent of interest [133].

DNP and PHIP methods have been used to hyperpolarize 
injectable molecules containing 13C. To date, the most com-
monly investigated HP compounds are Pyruvate [125], α-KG 
[134], and Lac [135]. Several groups exploited hyperpolar-
ized 13C MRS in preclinical and clinical studies to investi-
gate metabolism in healthy brain and neurological diseases. 
In the context of glioma, several preclinical studies using HP 
13C MRS have been successfully conducted [116, 136–140] .

Finally, the hyperpolarization-driven signal enhancement 
enabled the fast detection of metabolism and real-time imag-
ing of metabolic fluxes, providing a new method to detect 
tumours and monitor their response to therapy [140].

Application of artificial intelligence

In recent years, several attempts have been made to use the 
new tools provided by the technological advancement of 
image analysis and processing software. Artificial Intelli-
gence (AI) algorithms have been known for decades [141, 
142] but only the increase in computing power has permitted 
their application in research and clinical field, even in small 
centres without the need for major investments in digital 
hardware. AI requires large amounts of data: hundreds of 
cases for machine learning and thousands for deep learn-
ing [143]. Such data must necessarily (machine learning) 
or preferably (deep learning) be labelled to be processed by 
the algorithm. Additionally, considering the different acqui-
sition techniques and the artifacts related to the variability 
of the single case, all data must be uniformed before being 
analysed.

In comparison with other fields of radiological applica-
tion of AI, MRS represents the “Cinderella” of the group: 
from literature search with keywords “artificial intelligence” 
AND “MR spectroscopy”, a few articles can be found related 
to glioma studies. The major limitation of MRS studies is 
the lack of large amounts of data. Although some groups 
performed experiments on small samples [144, 145], these 
are not statistically solid because numerical samples of about 
50 patients are not sufficient for these methods.

Attempts have been made in using automatic pattern rec-
ognition analysis on MR spectra. Using large sets of MRS 
data and appropriate techniques of features reduction, machine 
learning algorithms can be trained in a supervised mode to 
correlate MRS spectra to a defined pathology [146, 147]. The 
use of pattern-recognition algorithms for the classification 
and grading of brain tumours has been the subject of debate 
for at least twenty years [148]. Multicentre experiences with 
an appropriate number of patients are reported in literature 
[149–151].

More recently, García-Gómez and colleagues tested the 
ability of different machine learning algorithms (linear discri-
minant analysis, least-squares support vector machine, princi-
pal component analysis, K-nearest neighbours) on single-voxel 
MRS in differentiating high-grade gliomas, low-grade-glio-
mas, metastasis and meningiomas, using a large dataset of 
MRI data from eTUMOR projects including 1H-MRS (about 
250 patients) [150]. All pairwise comparisons yielded good 
results with accuracies around 90%, while the accuracy was 
less than 78% for GBM versus metastases [150].

Fewer groups have created large datasets of “synthetic” 
data to overcome the limitations posed by the small sample 
size using the same computer science techniques. Dikaios 
[152] used a database of 112 patients (81 GBM and 31 
metastases) with both long-TE (using PRESS) and short-
TE (using either STEAM and PRESS) MRS acquisitions 
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from a nodular region where the biopsy was taken to create 
31.500 synthetic spectra (six different datasets from two MR 
machines). A Support Vector Machine (SVM) and Artificial 
Neural Network (ANN) were used. The author reported a 
good discrimination power between GBM and metastasis 
from a combination of short and long TE data (accuracy 
0.93, AUC 0.97). In a second attempt to improve MRSI, 
Iqbal and colleagues [153] used a spectroscopic imaging 
generator based on UNet [154] to produce high-resolution 
spectra from not real MRS data. An algorithm was trained 
from 102.169 MRSI created from a series of 416 open 
access T1-weighted imaging studies, allowing upsampling 
of low-resolution spectroscopic images, which can improve 
the current MRSI workflow.

The application of AI, even including synthetic MRS, is 
promising but still marginal in the context of MRSI and fur-
ther steps are needed to create large databases with uniform 
and comparable data, to unfold the full potential of machine 
learning in the diagnostic and prognostic prediction of the 
many central nervous system pathologies that can be inves-
tigated with MRS [155].

Limits

Although MRS is useful for in vivo diagnosis and monitor-
ing of gliomas, there are some limitations, first of all the 
need for detectable metabolites.

Long acquisition times and a lack of standardized analysis 
[7], limit MRS spread and validation in clinical practice, as 
do inter-institutional differences in acquisition parameters, 
field strength, and post-processing algorithms that limit 
reproducibility [156]. Experts’ consensus recommendations 
can help managing these issues [157].

Tissue heterogeneity, MRS voxel size, lesion volume and 
localization may affect the local concentration of selective 
metabolites: normal tissue as far as perifocal oedema, non-
viable parts of the tumour, calcifications, cysts, haemorrhage 
in the voxel and close bone structures may produce artifacts 
and misleading results.

Finally, MRS is highly sensitive to pathological metabolic 
changes, but it may be low in specificity without a broader 
clinical and radiological perspective.

Future directions

Although current MRS research in gliomas is largely focused 
on the validation and standardization of the detection and 
quantification of 2HG as a marker for IDH mutations in 
clinical practice, metabolites related to Gln metabolism can 
also be detected using that advance neuroimaging technique 
[7, 158].

Gliomas not only show high glycolysis and Lac produc-
tion with high glucose needs, but also an increase in Gln 

intake and storage. Indeed, Gln is catabolized to several 
by-products that aid cancer proliferation, including Glu 
and α-KG and it is also a vital nitrogen source for prolifera-
tion. Higher Gln catabolism rates are associated to meta-
bolic plasticity, resistance to treatment, and a mesenchymal 
phenotype. Since mesenchymal subtypes are usually asso-
ciated with worse outcomes, Gln concentrations may help 
predicting prognosis. Gln-based PET reported high Gln con-
centrations in progressing gliomas in comparison with the 
surrounding brain parenchyma or clinically stable tumours 
[159]. Moreover, mice treated with chemotherapy showed a 
significant decrease in tumoral Gln concentrations, thus sup-
porting for the in vivo Gln quantification after the procedure. 
It has been demonstrated that inhibiting Gln metabolism 
slows the growth of cancer cells and stimulates antitumor 
immunity in tumoral microenvironment. Furthermore, since 
Gln metabolism has been implicated in glioma pathogenesis, 
this could be a potential pharmacologic target that is being 
investigated in preclinical and early-stage clinical trials [160, 
161].

Translational murine and human studies evaluated 
GLAST as a target for GBM immunotherapy. GLAST 
favours the Glu release in the tumour microenvironment and 
promotes cell migration. Inhibition of GLAST expression 
impacts cells proliferation and immunization with GLAST 
peptides induces specific anti-tumour response in the murine 
model. In vivo Glu quantification is feasible in the human 
brain with short-echo 1H MRS at 3 T. Glu concentration 
may predict the infiltrative pattern of high-grade glioma, 
since Glu is detectable—in patients—within enhancing 
lesion, higher in perifocal FLAIR hyperintensities, and—in 
murine models—in the contralateral hemisphere, preceding 
progression as detectable by conventional MRI [81] (Fig. 5). 
Noteworthy, lower Glu levels have been demonstrated in 
IDH-mutated glioma patients with respect to IDH-wildtype 
[78], the latter known to gain a worse prognosis.

Another valuable marker in the clinical management of 
gliomas is Gly, a non-essential amino acid and intermedi-
ate of nucleotide biosynthesis, that increases with tumour 
proliferation. Gly can be assessed in glioma patients by 
single-voxel PRESS sequence with TE of 97 ms [162]. 
Furthermore, brainstem tumours with elevated Gly levels 
that did not show post-contrast enhancement at the time of 
MRS, usually undergo progression shortly after and showed 
contrast-enhancement at later time points [162]. Findings 
suggest that Gly metabolism abnormalities could precede 
blood–brain barrier breakdown, and Gly increase could be 
considered a prior MRI biomarker of high-grade transfor-
mation [162].

Gly and 2HG can be co-detected by MRS at 3 T [162] and 
a strong association between elevated Gly and Gly/2HG ratio 
was reported in glioma patients with poor clinical outcome. 
Therefore, Gly and 2HG MRS tracing may be effective in 
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identifying aggressively proliferating tumours and predicting 
patients’ survival.

Conclusion

MRS can provide information about tumour metabolic pro-
file. Specific metabolic biomarkers, their quantity and distri-
bution can support glial tumours differential diagnosis. MRS 
can also recognize the right region of interest in heterogene-
ous lesions for highly tailored biopsy.

In the context of integrated genomic-histological analy-
sis of brain tumours [1], new biomarkers can provide diag-
nostic, therapeutic and prognostic information. MRS and 
MRSI resulted to be a fundamental in vivo neuroimaging 
technique, able to select target therapies and to predict and 

assess tumour response through qualitative and quantitative 
analyses of the brain metabolites.

In conclusion, the characterization of brain tumours 
through MRS will benefit of a wide synergy among scien-
tists and clinicians of different specialties within the con-
text of new translational competences [163]. Head coils, 
MRI hardware and post-processing analysis tools progress, 
advances in research, experts’ consensus recommendations 
and specific professionalizing programs will make the tech-
nique increasingly trustworthy, responsive and accessible.
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