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ABSTRACT
SUMMARY: The glutamine pathway is emerging as an important marker of cancer prognosis and a target for new treatments. In
gliomas, the most common type of brain tumors, metabolic reprogramming leads to abnormal consumption of glutamine as an
energy source, and increased glutamine concentrations are associated with treatment resistance and proliferation. A key challenge
in the development of glutamine-based biomarkers and therapies is the limited number of in vivo tools to noninvasively assess
local glutamine metabolism and monitor its changes. In this review, we describe the importance of glutamine metabolism in gliomas and review the current landscape of translational and emerging imaging techniques to measure glutamine in the brain. These
techniques include MRS, PET, SPECT, and preclinical methods such as ﬂuorescence and mass spectrometry imaging. Finally, we discuss the roadblocks that must be overcome before incorporating glutamine into a personalized approach for glioma management.
ABBREVIATIONS: ASCT2 ¼ alanine, serine, cysteine transporter 2; 11C-Gln ¼ 5-11C-(2S)-glutamine; DMI ¼ deuterium metabolic imaging; [18F]-FGln ¼ 4-[18F](2S,4R)-ﬂuoroglutamine; 2-HG ¼ 2-hydroxyglutarate; IDH ¼ isocitrate dehydrogenase; MSI ¼ mass spectrometry imaging; mTOR ¼ mechanistic target of rapamycin; NMR ¼ nuclear MR; PRESS ¼ point-resolved spectroscopy; TCA ¼ tricarboxylic acid

Abnormal Glutamine Metabolism in Gliomas

G

liomas are one of the most common types of brain
tumors, and accurate diagnosis relies on imaging and histology.1 While histology can identify the tumor grade, isocitrate dehydrogenase (IDH) mutation status, and other
pathologic markers, it requires invasive tissue sampling and is
impractical for treatment monitoring. The recent emergence
of treatments targeting cancer metabolism in clinical trials,
combined with poor prognosis particularly for high-grade
gliomas, necessitates new noninvasive metabolic imaging strategies capable of stratifying patients, monitoring treatment
response, and prognostication. Here, we describe the importance of glutamine in glioma progression and management,
followed by a review of imaging techniques capable of quantifying glutamine concentrations.
A hallmark of many cancers, including gliomas, is metabolic
reprogramming that enables cancer cells to divide quickly and
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evade clearance by remodeling the tumor microenvironment.2
One of the most common examples of reprogramming is the
Warburg effect, evidenced by high rates of glycolysis and lactate
production, even in the presence of oxygen. In addition to high
glucose consumption, gliomas also have increased rates of glutamine intake and require larger stores of glutamine for survival
compared with healthy cells.3 Glutamine is an important energy
substrate and carbon source for cancer cells, and glutamine “addiction” is emerging as a hallmark of many cancers.4 Glutamine is catabolized to several by-products that aid in cancer proliferation,
including glutamate via glutaminolysis and a-ketoglutarate as an
intermediate of the tricarboxylic acid (TCA) cycle.5 Most primary
World Health Organization grade II and III infiltrating gliomas
and secondary glioblastomas (World Health Organization grade
IV) exhibit IDH mutations that produce 2-hydroxyglutarate (2HG) rather than a-ketoglutarate.5 Glutamine is also a vital nitrogen source for the production of amino acids, nucleotides, fatty
acids, and polyamines necessary for proliferation. Cancer cells
have an increased demand for nitrogen, and large stores of glutamine enable high rates of synthetic biomass generation and TCA
cycle anaplerosis.4
The intake of nutrients including glutamine by noncancerous
cells is limited by growth factors. In cancer cells, increased consumption of glutamine is, in part, facilitated by oncogenic drivers
including Myc and the mechanistic target of rapamycin (mTOR).
Myc increases expression of glutamine transporters, modulates
expression of glutaminase, and activates enzymes involved in
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purine and pyrimidine synthesis.2,4 Myc-induced metabolic
reprogramming even precedes MR imaging–observable tumor
growth.6 Mice with Myc-activated hepatocytes display increased
expression of genes related to glutamine transport and breakdown in the pretumor state, including glutaminase and glutamine
dehydrogenase.6 Increased mTOR signaling is commonly associated with cancer proliferation and can be activated in cancers
with high concentrations of intracellular glutamine mediated
through the alanine, serine, cysteine transporter 2 (ASCT2).7
mTOR stimulates glutaminolysis in cancer cells by increasing the
activity of glutamine dehydrogenase and promoting the breakdown of glutamine into TCA cycle intermediates.4
Glutamine use in cancer cells varies within and between
tumors due to dynamic interactions among the tumor microenvironment, oncogenes, tissue type, and nutrient availability.5,8
Myc-induced differences in glutamine transporters and glutaminase concentrations result in some gliomas accumulating large
stores of glutamine, while others readily catabolize glutamine.9,10
Gliomas with high rates of glutamine catabolism exhibit metabolic plasticity, resistance to treatment, and a mesenchymal
phenotype.11 Mesenchymal gliomas in mice have increased glutamine concentrations compared with healthy brain tissue and
nonmesenchymal glioma subtypes.12 These results have been
demonstrated in patients with gliomas using glutamine-based
PET, with high glutamine concentrations observed in progressing
gliomas compared with the surrounding brain tissue or clinically
stable tumors.13 Because mesenchymal subtypes are generally
associated with worse outcomes, glutamine concentrations may
indicate prognosis. Mice treated with chemotherapy show a significant decrease in tumoral glutamine concentrations, supporting the importance of in vivo glutamine quantification after
treatment.13 Increases in glutamine flux, ie, conversion of glutamine to glutamate, have been observed in glioma-bearing mice
treated with temozolomide, a potential explanation for glutamine
decreases following chemotherapy.14 Because inhibiting glutamine metabolism limits cancer growth and promotes antitumor
immunity in the microenvironment,15 the glutamine pathway
has been identified as a potential marker for progression and
treatment response as highlighted in depth in recent reviews.16,17

Glutamine as an Emerging Pharmacologic Target
Due to the demonstrated role of glutamine in gliomas, glutamine
metabolism is an emerging pharmacologic target, and several
compounds targeting glutamine intake or enzymes involved in
glutamine catabolism are currently being evaluated in preclinical
and early-stage clinical trials.16 Glutaminase, the primary enzyme
that catabolizes glutamine in cells, is the target of both telaglenastat or CB-839 and the small-molecule inhibitor compound 968,
both of which have been shown to decrease glioma growth,
though CB-839 is more specific to glutaminase.11 In vitro studies
of glutaminase inhibition show depletion of treatment-resistant
glioblastoma cells and subsequent reduction of glutamine for
downstream use in the TCA cycle.11 Because these inhibitors are
not as effective against gliomas that exhibit a glycolytic phenotype,10 identifying patients with high levels of tumoral glutamine
may aid in the prognostication and stratification of patients, particularly for emerging treatments such as glutamine pathway
12
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inhibitors. CB-839 is currently being evaluated in a Phase Ib clinical trial in combination with chemotherapy and radiation for treatment of IDH-mutant astrocytomas and anaplastic astrocytomas.18
A promising glutamine antagonist, 6-diazo-5-oxo-L-norleucin, has
also shown efficacy in inhibiting glutaminolysis in humans.16
While these treatments hold promise, the standard of care treatment for gliomas is maximal surgical excision followed by radiation therapy with concurrent and adjuvant chemotherapy.

Characterizing and Quantifying Glutamine Metabolism
Quantifying glutamine in vivo using translational imaging techniques may be useful in identifying glutamine as a biomarker, stratifying patients for novel therapies particularly inhibitors of glutamine
metabolism, and accelerating translation of emerging treatments to
the clinic. While in vitro experiments are the first step in validating
novel treatments targeting glutamine metabolism, they do not fully
capture the heterogeneity and complexity of the local tumor environment.19 Metabolic phenotypes depend on dynamic interactions
between cancer cells and surrounding cells, tissue type, nutrient
availability, inflammatory cells, and genetic landscape; in vivo glutamine monitoring is necessary to fully understand its role as a
potential prognostic biomarker. Advances in metabolic imaging
modalities including MRS, PET, SPECT, and emerging preclinical
techniques such as mass spectrometry imaging (MSI) and fluorescence imaging facilitate in vivo measurements of glutamine metabolism in gliomas. Advantages and limitations of imaging techniques
capable of measuring glutamine are reviewed below within the context of glioma management.

Glutamine Imaging Techniques
1

H-MRS. MR imaging is a key diagnostic method for gliomas and
provides anatomic information on tumor size and location. MRS
is a complementary but less used method capable of noninvasively quantifying multiple metabolites simultaneously using the
same MR imaging hardware.20 MRS does not require an exogeneous contrast agent with the exception of hyperpolarized MRS (see
“Hyperpolarized 13C-MRS”) and relies most commonly on endogenous 1H nuclei. Current MRS research in gliomas is largely
focused on detection of 2-HG as a marker for IDH mutations
along with decreased NAA and increased choline, lactate, and lipids.20 Metabolites related to glutamine metabolism can also be
detected using MRS, including glutamine, glutamate, alanine,
and glutathione.20 One advantage of MRS is the ability to use its
ex vivo and in vitro analog, nuclear MR (NMR) spectroscopy, to
identify and evaluate promising biomarkers before clinical translation. NMR spectroscopy can detect low metabolite concentrations and overlapping peaks not possible with in vivo MRS and
has been used to show that increases in alanine, glutamate, and
lactate correlate with lower survival and higher tumor grade in
intact glioma tissue.21
In vivo, MRS is capable of quantifying localized metabolite
concentrations as low as 1 mM on the minute timescale
(Fig 1A–C).22 Tumor concentrations of glutamine measured at 7T
as high as 5.5 mM have been reported in patients with gliomas.23
Glutamine concentrations measured with MRS in normal-appearing contralateral white matter in patients with glioblastoma have
been reported to be 3.4 mM, significantly higher than in healthy

FIG 1. 1H- and 13C-MR spectra of healthy brain and glioma tissue. A, 1H-MR spectrum acquired at 7T using a 3D MR spectroscopic imaging
sequence in a healthy human volunteer. Glutamine and glutamate peak ﬁts are shown in blue and pink, respectively, demonstrating separation
at 7T. B, Structural MP2RAGE image and glutamine metabolite map acquired in the same subject as in A. The Color bar shows metabolite concentrations in arbitrary units. C, Structural MP2RAGE image and a glutamine metabolite map acquired in a male patient with glioblastoma
(51 years of age). The Color bar shows metabolite concentrations in arbitrary units. Glutamine concentrations are increased in the tumor region,
indicated by the dark mass in the MP2RAGE image, relative to the rest of the brain. A–C adapted and reprinted with permission from Hingerl
et al.22 D, 13C-MR spectrum acquired in a healthy mouse brain at 14.1T after 3 hours of infusion with [1,6-13C]-glucose. E, 13C-MR spectrum acquired
from a tumor-bearing mouse brain after 3 hours of infusion of [1,6-13C]-glucose. Decreased glutamate peak intensities (carbon [C]2, C3, and C4)
and glutamine peak intensities (C2, C3, and C4) are observed compared with healthy brain without tumor (blue arrows). D and E adapted and
reprinted with permission from Lai et al.30 Ala indicates alanine; Asp, aspartate; GABA, g -aminobutyric acid; Glc, glucose; Gln, glutamine; Glu, glutamate; Lac, lactate; NAA, N-acetylaspartate.

controls (2.7 mM) or patients with low-grade gliomas (2.4 mM),
suggesting the ability of MRS to detect early infiltration in normalappearing regions.24 Single-voxel MRS (8 cm3) and multivoxel
MRS are the most common clinical implementations available on
many MR imaging scanners, but whole-brain MRS has also been
demonstrated in gliomas.25 MRS has been used to quantify
changes in metabolites as a result of metabolic reprogramming,
differentiate proliferative gliomas from brain metastasis, and predict tumor grade.25,26 Longitudinal 1H-MRS studies in patients
with glioblastomas showed that pretreatment increases in glutamine plus glutamate were correlated with tumor proliferation and
poor prognosis.27
While MRS has the benefits of repeatability, lack of ionizing
radiation, and availability at many clinical sites, separating overlapping glutamine and glutamate resonances in 1H-MR spectra
acquired at typical clinical field strengths (1.5T or 3T) can be
challenging.20 The commonly used point-resolved spectroscopy
(PRESS) sequence with a TE of 20 ms at 3T has been shown to
detect both glutamine and glutamate with quantification comparable with that of spectra acquired on 7T MR imaging scanners;28
however, higher-field-strength scanners facilitate improved signal-to-noise ratios and better peak separation.29 In vivo studies
using high-field MR imaging scanners have demonstrated significantly higher glutamine levels in glioma-bearing mice at the onset
of neurologic symptoms compared with presymptomatic mice.30
With recent FDA approval of both Siemens (Magnetom Terra)

and GE (Signa) 7T MR scanners, MRS has the potential to
become a viable method for routine glutamine imaging.
Further advances in 1H-MRS methods have improved the
detection of glutamine and separation from glutamate peaks.
Chemical exchange saturation transfer, which measures chemical
exchange between bulk water and metabolites, has been shown to
facilitate quantification of glutamate in response to CB-839 treatment in breast cancer,31 and glutamine chemical exchange saturation transfer has been used for pH monitoring in animal
models of brain tumors.32 Spectral editing techniques can separate overlapping peak resonances in 1D spectra and have been
used to detect g -aminobutyric acid, 2-HG, and glutathione.33-35
Most spectral editing techniques use J-difference editing to isolate
the signal of interest. For example, a J-modulated spectroscopy
method was shown to separate glutamine from glutamate in spectra acquired at 3T in healthy adult brains.35 Emerging single-step
spectral editing methods have been demonstrated for simultaneous quantification of glutamine, glutamate, and glutathione at 7T
in healthy adults.34 Because increased glutamine and glutamate
in gliomas correlate with increased proliferation and glutathione
is implicated in treatment resistance, further evaluation in
patients with gliomas undergoing treatment is warranted.34,36
While 2D techniques, including localized correlational spectroscopy and J-PRESS, have also enabled separation of glutamine
from glutamate,37 long scan times have relegated many 2D
sequences to research applications.
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glutamine to glutamate at higher rates after treatment with temozolomide. This increase in glutamate was also observed using
1
H-MRS on the same mice.14 Similarly, Molloy et al40 used
[3–13C]-glutamine and demonstrated an increase in conversion of
glutamine to glutamate in glioma cells in response to a downstream inhibitor of glutamine metabolism. These studies highlight
the potential of hyperpolarized 13C-MRS studies to monitor glutamine metabolites both for validating 1H-MRS findings and evaluating the response to treatment. While an on-site hyperpolarizer is
required and short T1 relaxation times require rapid imaging for
most 13C tracers, 13C-MRS facilitates direct measurement of glutamine metabolism without the use of an ionizing tracer.

FIG 2. DMI and PET images of glutamine metabolism in gliomas. A,
T2-weighted FLAIR MR image acquired in a patient with a glioblastoma with a tumor in the right frontal lobe. B, DMI maps of the same
section position as in A showing 2H-labeled glutamine 1 glutamate,
with lower concentrations in the tumor region compared with normal-appearing brain tissue. Color bar is in millimolar units. A and B
reprinted with permission from DeFeyter et al41 and used under the
CC BY-NC license 4.0. C, T1-weighted MR image with contrast
enhancement acquired in a patient with glioblastoma. The tumor
region is indicated with red arrows. D, 4-[18F]-FGln PET image acquired
in the same patient as in C, with high uptake in the tumor region (red
arrows) and minimal background uptake. C and D reprinted from
Venneti et al,13 with permission from AAAS.

Hyperpolarized 13C-MRS. 13C-MRS has been used to study the
brain; however, due to low sensitivity from limited natural abundance and a low gyromagnetic ratio, hyperpolarized 13C is required
in vivo. Hyperpolarization increases 13C-signal temporarily via
dynamic nuclear polarization.38 After infusion with a hyperpolarized 13C-labeled substrate, the flux of the labeled substrate to its
metabolic products can be measured (Fig 1D, -E).30 One of the
most commonly studied 13C metabolites is [1-13C]-pyruvate,
which is catabolized into lactate, alanine, and bicarbonate in cells
and provides a useful tool to monitor the by-products of glycolysis.38 [1-13C]-pyruvate has been used in patients with gliomas to
measure the conversion of pyruvate to lactate, with high rates of
lactate production observed in recurrent tumors.39 Hyperpolarized
13
C tracers have been developed for glucose, acetate, a-ketoglutarate, and glutamine, all of which have demonstrated blood-brain
barrier permeability necessary for hyperpolarized MRS experiments.38 13C-MRS has been used to assess changes in glutamine
metabolism in response to treatments. Subramani et al14 showed
that glioma-bearing mice injected with [3–13C]-glutamine convert
14
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Deuterium Metabolic Imaging. In vivo deuterium metabolic
imaging (DMI) is an emerging MRS technique that measures 2Hlabeled substrates. 2H-MRS has been primarily demonstrated to
detect labeled glucose and its metabolic products including glutamine, glutamate, and lactate (Fig 2A, -B).41 In rats and humans,
DMI has revealed metabolic differences between gliomas and
healthy tissue, with glioma tissue exhibiting lower levels of glutamine plus glutamate and higher levels of lactate and glucose due
to the Warburg effect.41 While DMI has been used in vivo to
image and quantify glucose metabolism and flux through the
TCA cycle, separation of glutamine and glutamate, even at high
magnetic field strengths, is challenging. Moreover, the gyromagnetic ratio of 2H is 7 times lower than 1H and requires ingestion
or injection of a 2H-labeled substrate. DMI technology is improving quickly and provides a noninvasive method of quantifying
active metabolism in vivo.42
MRS Limitations and Considerations. MRS, while not standard
clinical practice, is frequently used in patients with gliomas.
Currently, it is most often ordered by clinicians to characterize
increasing enhancement after previous radiation therapy and to
distinguish radiation-induced necrosis from recurrent tumor.
Limitations of MRS include nonstandardized analysis, challenges
with reproducibility, the need for input by the radiologist for voxel
placement, low signal-to-noise ratios, and long acquisition times.
Optimization of in vivo glutamine quantification with MRS, combined with improved postprocessing methods, is an immediate
goal.43,44 Fast, whole-brain MRS to generate spatial glutamine
maps is likely necessary before incorporation of MRS into routine
clinical workflow. Most important, MRS, while FDA-approved, is
still considered investigational by most insurance companies, and
lack of reimbursement has limited widespread clinical implementation. As more data emerge regarding the value of quantifying
glutamine for gliomas, MRS will be increasingly recognized and
recommended by clinicians and radiologists, possibly working to
counter this issue. For a comprehensive review of clinical MRS, we
direct readers to de Graaf et al42 and Wilson et al.43
Glutamine PET. FDG-PET has been used clinically for tumor grading, determining tumor boundaries, and guiding biopsies.45 PET
has high sensitivity and spatial and temporal resolution (3–5 mm
on the second timescale); however, specificity is limited by uptake
of FDG in healthy brain as well as tumors.45 A recently developed
glutamine fluoro-analog, 4-[18F]-(2S,4R)-fluoroglutamine ([18F]FGln) has enabled noninvasive imaging of glutamine in gliomas

(Fig 2C, -D).13 Mice and humans with gliomas show high [18F]FGln uptake in tumors, and [18F]-FGln PET may distinguish
actively growing gliomas from stable tumors.13 In a study of mice
with gliomas, tumor-to-background ratios of 3.6 were observed,
indicating increased [18F]-FGln in tumor compared with healthy
tissue.46 A study of 14 patients with cancer metastasis to the brain
showed significantly higher [18F]-FGln PET activity in the tumor
relative to healthy brain tissue compared with FDG-PET, indicating
the potential utility of glutamine PET.47 In a Phase I clinical trial,
[18F]-FGln PET was able to identify tumors with genetic precursors
to glutamine addiction, including IDH and tumor protein 53 mutations in several cancers including gliomas.48
Glutamine PET tracers may be advantageous for identifying
gliomas exhibiting glutamine addiction and stratifying patients for
treatment. In mice, gliomas treated with chemotherapy exhibited
significantly decreased [18F]-FGln uptake compared with pretreatment tumors.13 Similar results were also observed in mice with
breast, colorectal, and lung cancer treated with the V-9302, an inhibitor of glutamine transporter ASCT2.49 However, pharmacokinetic studies indicate that [18F]-FGln is defluorinated and
metabolized quickly.46 [18F]-FGln derivatives have been developed
to improve the stability of the tracers in vivo to address this limitation. [18F]-fluoroboronoglutamine has improved stability in mice,
though the efficacy in glioma models is yet to be determined.50
In addition to [18F]-FGln, two dipeptide glutamine PET tracers, [18F]-Gly-(2S,4R)4-fluoroglutamine and [18F]-Ala-(2S,4R)4fluoroglutamine, have been developed with improved in vivo stability. After injection of the tracers in mice with gliosarcomas,
tracers were localized in the tumors and [18F]Ala-(2S,4R)4-fluoroglutamine displayed a similar distribution and tumor-to-background ratio compared with [18F]-FGln. [18F]-Ala-(2S,4R)4fluoroglutamine may be comparable with the [18F]-FGln PET
tracer; however, further validation in clinical trials is necessary.51
In addition to [18F]-FGln, the 11C-glutamine PET tracer 5-11C(2S)-glutamine (11C-Gln) has also been developed. In the first inhuman study, Cohen et al52 evaluated the utility of 11C-Gln in
tracking treatment response to CB-839 as part of a clinical trial
evaluating glutamine inhibitors for treatment of colorectal cancer.
Preliminary results revealed the utility of 11C-Gln in identifying
heterogeneous glutamine uptake by lesions; however, the intrinsically shorter half-life of 11C-Gln compared with [18F]-FGln may
limit its utility. Further comparisons of the in vivo kinetics of
[18F]-FGln and 11C-Gln tracers in patients with gliomas will be
important for determining the utility of 11C-Gln.
PET Limitations and Considerations. While PET may be useful in
different stages of glioma care because it provides direct and
quantitative information about glutamine metabolism, limitations include the short half-life of labeling isotopes (eg, 11C)
requiring an on-site cyclotron, exposure to ionizing radiation,
and analysis possibly requiring measurements of labeled glucose
or glutamine levels in arterial blood. Many of these limitations
can be overcome by development of glutamine analogues labeled
with longer-lived isotopes (eg, [18F]) and by using internal reference regions or image-derived input functions to negate the need
for arterial blood in the analysis. With the advent of large-FOV
PET systems, the increased quantitative sensitivity offered by a

FIG 3. MSI to image glutamine metabolism. Matrix-assisted laser desorption/ionization TOF MSI of glutamine distribution in an ex vivo
human glioma sample (left), with an annotated brightﬁeld image of
the same sample showing the tumor and peritumoral regions (right).
The MSI map shows increased intensity of glutamine in the tumor
regions compared with both peritumoral and nontumoral regions and
is a promising emerging method for imaging glutamine. Arb. unit indicates arbitrary unit. Reprinted with permission from Kampa et al56
and used under the CC BY license 4.0.

full kinetic analysis will become more accessible in the clinical
environment.53 While [18F]-FGln and 11C-Gln tracers are not yet
approved by the FDA, FDA approval of amino acid–based PET
tracers support the potential and feasibility of glutamine PET,54
and preliminary work has shown that these agents can discern
low- from high-grade gliomas.55 Ongoing clinical trials will continue to elucidate the safety and efficacy of glutamine PET for
gliomas. Further development and validation studies will be
increasingly important as glutamine continues to emerge as a
marker of prognosis and treatment response.

Emerging Methods
Emerging methods for glutamine detection, including MSI, fluorescence imaging, and glutamine SPECT, have shown utility in
characterizing glutamine metabolism in animal models and may
complement clinically integrated methods such as MR imaging
and PET. MSI quantifies the spatial distribution of metabolites
including glutamine by conducting mass spectrometry experiments of thin tissue slices (Fig 3).56 MSI of human glioblastoma
samples shows significant increases in glutamine, glutamate, and
lactate in the tumor region compared with peritumoral and nontumoral regions.56 Advanced MSI methods including ultra-highresolution MSI based on Fourier-transform mass spectrometry
also reveal heterogeneous distributions of metabolites related to
both the TCA cycle and glutamine metabolism in mouse glioblastoma tissue.57 Another application of MSI is identifying differences in the energetics of glioma molecular subtypes in patientderived xenografts, which reveal that IDH-mutated gliomas have
abnormal mitochondrial metabolism compared with IDH wildtype gliomas yet do not have significantly different glutamine or
glutamate levels.58 MSI has high molecular specificity and spatial
resolution (submillimeter); however, it is currently performed
only on ex vivo samples, and acquisition times are long (minutes
to hours). While quantifying glutamine in excised tissue is a
AJNR Am J Neuroradiol 43:11–18
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FIG 4. Framework for using glutamine imaging techniques in glioma management. Imaging methods to quantify and measure local glutamine
changes may be useful for diagnosis, identiﬁcation of metabolic vulnerabilities, patient stratiﬁcation, and improved treatment monitoring.
Methods currently not integrated into clinical workﬂows are indicated with italics. MALDI indicates matrix-assisted laser desorption/ionization.

limitation of MSI compared with MR imaging and PET because
excised tissue may undergo degradation before metabolite quantification,59 its high specificity may be used to validate results from
MR imaging and PET studies. Furthermore, analysis of excised tissue may also aid pathologists and cancer biologists in characterizing the considerable intratumoral heterogeneity of glioblastoma.60
Fluorescence imaging of glutamine and glutamine transporters
using optical microscopy and spectroscopy is an emerging method
with high spatial resolution (submicron), currently limited to in
vitro studies.61,62 Quantification of glutamine uptake and energy
flux has been demonstrated in brain cancer cells in response to epidermal growth factor receptor treatment.63 Although this technology currently analyzes a small number of cells, proof-of-concept
studies to characterize the glutamine response to new treatments
are an important first step to motivate larger in vivo studies. Last,
new glutamine SPECT tracers have been developed and show
promise as clinical tools. Ghoreishi et al64 conjugated glutamine to
technetium Tc99m, a commonly used isotope for SPECT. Mice
injected with the nanoconjugate tracer showed significantly higher
radioactivity in lung tumors compared with other organs and high
stability in human serum. While SPECT is clinically integrated and
both fluorescence imaging of glutamine transport and SPECT glutamine tracers are promising, evaluation of these emerging methods
in humans is unexplored.

Discussion and Outlook
Targeting glutamine metabolism for improved outcomes in patients with gliomas holds clinical promise, particularly as emerging
16
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pharmacologic treatments targeting glutamine catabolism and
transport have shown efficacy in vivo (Fig 4).8 In vivo glutamine
quantification is clinically achievable due to advances in noninvasive image acquisition and analysis. Previous studies have shown
that glutamine imaging with 1H-MRS, 13C-MRS, and PET has
potential prognostic value because concentrations of glutamine and
its related metabolites are correlated with decreased survival.12,13,30
Emerging techniques including MSI and fluorescence imaging may
validate MR imaging and PET findings at the single-cell level.57,62
In the future, multiple strategies may facilitate evaluation of
glutamine as a prognostic marker. The first and most straightforward strategy is the continued standardization and development
of MRS and PET for glutamine quantification because both
modalities are frequently used in clinical cancer imaging. The second is the use of multiparametric approaches, including radiomics, to use existing clinical data to improve prediction and
stratification.65 Incorporation of metabolic information, including glutamine into radiomics analyses, has been limited; however,
radiomics may facilitate the use of the large amount of imaging
data often untouched in radiologic practice. The final strategy is
advancement of emerging molecular-scale methods, including
those outlined here. Given the high cost and limited availability
of clinical imaging systems particularly in rural areas, development of low-cost methods is an important goal for the future.
Although glutamine imaging is still largely in the research and
development stage, monitoring changes in glutamine metabolism
may provide insight into tumor heterogeneity and response to
new therapies, enabling stratification for personalized treatment

plans. The development of new treatment strategies, particularly
pharmacologic compounds targeting the glutamine pathway, will
likely benefit from longitudinal metabolic imaging that includes
quantification of local glutamine concentrations. While outstanding challenges in glutamine imaging must be addressed, including
standardization and, in some cases, FDA approval, there is clear
motivation for the continued investigation and evaluation of glutamine as a promising imaging biomarker of glioma progression,
treatment selection and stratification, and prognosis.
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