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“Glioma” is a term representing a variety of can-
cerous growth patterns originating from the 
glial cells within the central nervous system.1 

The official 2021 World Health Organization classifica-
tion of gliomas is robust and firmly rooted in histological, 
immunohistochemical, and molecular properties of the tu-
mor.2 A more simple and practical way to classify gliomas 
is by their grade, which reflects the degree of tumor differ-
entiation, malignant potential, and likely clinical course.3 

“Low-grade” gliomas, corresponding to grades 1 and 2, 
include the more benign tumors with favorable prognoses, 
whereas “high-grade” gliomas, corresponding to grades 3 
and 4, include the more malignant tumors that frequently 
require aggressive medical and surgical management. Re-
gardless of the tumor grade or other defining characteris-
tics, all gliomas need to be thoroughly evaluated, closely 
monitored, and appropriately managed.

The evaluation of gliomas is guided by neurological 
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Low-grade gliomas encompass a subgroup of cancerous glial cell growths within the central nervous system and are dis-
tinguished by their slow growth and relatively low malignant potential. Despite their less aggressive nature, these tumors 
can still cause significant neurological symptoms through the compression of surrounding neural and vascular structures 
and, in some instances, undergo malignant transformation. For these reasons, timely and appropriate evaluation and 
management of low-grade gliomas is critical. Medical imaging stands as a cornerstone for evaluating patients with low-
grade gliomas because of its noninvasive nature and ability to provide a vast amount of information about the underlying 
lesion. With the growing number of neuroimaging techniques and their capabilities, there is a lack of clear guidance on 
which techniques to utilize for the assessment of low-grade gliomas and what their respective core use cases should be. 
In this literature review, the authors discuss in significant depth the available evidence pertaining to the use of advanced 
neuroimaging techniques in the evaluation and management of low-grade gliomas. Specifically, they review the specific-
ity, sensitivity, accuracy, and use cases of magnetic resonance spectroscopy (MRS), perfusion MR imaging (perfusion 
MRI), diffusion tensor imaging (DTI), functional MRI (fMRI), positron emission tomography (PET), single-photon emission 
computed tomography (SPECT), as well as other emerging imaging techniques. They conclude that most of the ad-
vanced neuroimaging techniques are reliable in differentiating low- from high-grade gliomas, whereas MRS and DTI may 
further support molecular subclassification of the tumor. PET has been best employed for the purpose of tumor biopsy, 
whereas fMRI and DTI can be particularly valuable in preoperative surgical planning, as they delineate the functionally 
eloquent brain regions that need to be preserved during tumor resection. MRS, PET, SPECT, and perfusion MRI are 
best suited to monitor tumor progression, as their respective metrics closely correlate with the underlying metabolic 
activity of the tumor. Together, these techniques offer a vast amount of information and serve as tools for neurologists 
and neurosurgeons managing patients with low-grade gliomas.
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examination, biochemistry, imaging, and, in instances in 
which a biopsy specimen is obtained, histopathological 
reports. All these methods are crucial in performing a 
comprehensive assessment of the pathological character-
istics and likely clinical course of the underlying glioma. 
However, in modern medical practice, the role of imag-
ing has become increasingly important because of its 
noninvasive nature and the wide spectrum of information 
it can provide. For instance, magnetic resonance imag-
ing (MRI), which has been in use since the early 1980s,4 
can delineate the lesion, providing an understanding of 
its location, size, and growth pattern. The more recent 
advances in neuroimaging are facilitating an even more 
robust image-based assessment, offering information on 
metabolic activity, vascular perfusion, molecular compo-
sition, and tissue distribution within and around the area 
of the lesion. Together, these sequences can provide in-
sight into the underlying grade of the evaluated glioma, its 
molecular subclassification, the likelihood of progression, 
the optimal resection margin if surgery is pursued, as well 
as the overall prognosis.

In this review article, we aimed to provide an overview 
of advanced neuroimaging modalities as they pertain to 
the evaluation of low-grade gliomas. More precisely, we 
discuss the literature on the accuracy, sensitivity, specific-
ity, and use cases of MR spectroscopy (MRS), perfusion 
MRI, diffusion tensor imaging (DTI), functional MRI 

(fMRI), positron emission tomography (PET), single-pho-
ton emission computed tomography (SPECT), as well as 
other emerging imaging techniques (Fig. 1).

MR Spectroscopy
MRS is an advanced neuroimaging technique that uti-

lizes a magnetic field to characterize the metabolic com-
position of the scanned tissue based on the radiofrequency 
of emitted electromagnetic signals.5 It was introduced to 
the field of neuro-oncology in the late 2000s as a method 
of differentiating a tumor from a pseudotumoral lesion, as 
well as to provide insight into the underlying glioma grad-
ing.6,7 According to a recent assessment by Shakir et al., the 
choline/creatine (Cho/Cr) ratio identified by MRS provides 
the most accurate assessment of glioma grade with a sen-
sitivity of 83.3% and specificity of 93.7%.8 However, other 
metabolite measurements have also proven to be useful in 
assessing glioma grade, including Cho/N-acetylaspartate 
(NAA), NAA/Cr, lactate, and lipid peaks.7,9 Additionally, 
MRS has been shown to distinguish between glioma and 
nonglioma lesions based on the respective NAA/Cho and 
NAA/Cr ratios.10 Furthermore, MRS may be a viable mo-
dality for guiding stereotactic tissue biopsy, as tumor re-
gions with high Cho/NAA ratios are suggested to be best 
suited for histopathological assessment.11

MRS has also been increasingly investigated for its role 

FIG. 1. A wide spectrum of advanced neuroimaging techniques has been used in the evaluation of low-grade gliomas. MRS: 
Case courtesy of Paresh K. Desai, Radiopaedia.org. From the case Primary CNS lymphoma. CC BY-NC-SA 3.0 Unported license 
(https://creativecommons.org/licenses/by-nc-sa/3.0/). fMRI: user:7mike5000/Wikimedia Commons/Public Domain. PET: Tomo-
grafia por Emisión de Positrones, © Juan Galan, published with permission. CC BY-SA 3.0 Unported license (https://creativecom-
mons.org/licenses/by-sa/3.0/deed.en). Changes made: original four-color image converted to black and white. DTI: Healthy human 
adult brain viewed from the side, tractography. Dr. Flavio Dell’Acqua. CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/). 
Source: Wellcome Collection. MR perfusion: Case courtesy of Frank Gaillard, Radiopaedia.org. From the case Oligodendrogli-
oma. CC BY-NC-SA 3.0 Unported license (https://creativecommons.org/licenses/by-nc-sa/3.0/). SPECT: Case courtesy of Frank 
Gaillard, Radiopaedia.org. From the case Posterior cortical atrophy. CC BY-NC-SA 3.0 Unported license (https://creativecom-
mons.org/licenses/by-nc-sa/3.0/). Low-grade glioma: Created with BioRender.com.
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in assessing tumor progression. A longitudinal measure-
ment in 41 patients with low-grade glioma demonstrated 
increasing Cho/NAA concentrations in patients who had 
progression in their tumor grade, suggesting that MRS may 
be a viable surveillance tool in addition to traditional MRI 
follow-up.12 Another study revealed that over the course of 
1 year, a decrease in the Cho concentration within the cen-
ter of the lesion is correlated to the reduction in tumor vol-
ume in patients treated with temozolomide, highlighting 
the value of MRS in monitoring the response to chemo-
therapy.13 Furthermore, Cho/Cr measurements have shown 
85.5% discrimination accuracy in differentiating between 
disease recurrence and radiation injury14 and 84% discrim-
ination accuracy in differentiating between disease recur-
rence and pseudoprogression. However, it should be noted 
that authors of a large meta-analysis of 445 patients across 
18 studies concluded that the diagnostic performance of 
MRS for differentiating glioma recurrence from radiation 
necrosis is moderate.15 Therefore, MRS findings should be 
combined with the results of other imaging techniques to 
ensure high diagnostic accuracy and to appropriately sup-
port clinical decisions.

Finally, MRS may in some instances provide insight 
into the molecular characteristics of tumors. For example, 
an increase in d-2-hydroxyglutarate on MRS may indicate 
an IDH1 mutation,16 whereas heavy expression of gluta-
mate may imply a GLAST-expressing glioma.17 Other po-
tential applications of metabolite measurements to decode 
the underlying molecular mutations are conceivable but 
have yet to be formally evaluated.

Diffusion Tensor Imaging
DTI is an advanced imaging technique that uses the 

diffusion of water molecules to generate contrast on MRI-
based images. The pattern of water diffusion can provide 
an understanding of the underlying dispersion of white 
and gray matter fibers within the brain, as well as any 
associated lesions that may be disrupting the normal dis-
tribution of the contrast. A DTI scan provides a range of 
metrics that describe the characteristics of neuronal tissue 
and underlying water dispersion, including the fiber den-
sity index (FDI), mean diffusivity (MD), fractional aniso-
tropy (FA), and apparent diffusion coefficient (ADC).

The application of DTI in the evaluation of low-grade 
gliomas is broad. First, the metrics obtained through DTI 
can support the classification of glioma based on its grade. 
FDI and MD in the center of the glioma can help to differ-
entiate between low- and high-grade gliomas with 81.3% 
and 91.4% accuracy, respectively.18,19 Similarly, FA of the 
peritumoral area can predict the tumor grade with 80% 
accuracy.19 In addition to evaluating tumor grade, DTI can 
provide insight into the molecular subtype of low-grade 
gliomas, with several studies suggesting that FA correlates 
with the IDH mutation status of the tumor and the pres-
ence of 1p/19q codeletion.20

DTI can also be used as an adjunct in both preopera-
tive planning and intraoperative neuronavigation, as it out-
lines the location and integrity of white matter tracts. This 
facilitates planning of the surgical corridor, allowing the 
surgeon to strike the optimal balance between maximum 

resection and preservation of neurological function.21 Ac-
cording to several studies, the use of DTI could be asso-
ciated with greater Karnofsky Performance Status scores 
postoperatively, greater extent of tumor resection, and in-
creased overall survival.22 Coregistering DTI with MRI 
can further support the planning process and surgical 
navigation as a method for predicting the localization of 
critical white matter nerve functions.23 The clinical benefit 
of such an approach has been reported by Ius et al., who 
showed better outcomes in cases in which MRI/DTI fu-
sion was done as part of preoperative planning.24 However, 
the anatomical accuracy of DTI-based tractography is not 
infallible,25 with the lack of a standardized data analysis 
pipeline representing a major concern.26 Therefore, it re-
mains essential that, in addition to tractography, the sur-
geon relies on anatomical landmarks, electrophysiological 
assessment, and other imaging techniques to guide tumor 
resection.

Lastly, DTI has also been investigated as a tool in as-
sessing the response to medical treatment. In one study, 
early changes in MD in response to temozolomide pre-
dicted the final volume change and the overall effective-
ness of the therapy.27 Similar observations have been noted 
in high-grade gliomas, with a predictable change in DTI 
metrics in response to other chemotherapeutic agents in-
cluding bevacizumab and irinotecan.28 Additionally, ADC 
and FA have been shown to discriminate between tumor 
progression and treatment-related abnormalities, warrant-
ing further research into DTI as a potential method of 
monitoring treatment response.29

Perfusion MRI
Perfusion MRI is a technique that involves the intra-

venous injection of gadolinium-based contrast, followed 
by a series of T2-weighted images. The accumulation of 
contrast within a lesion provides an indication of its vas-
cularity, revealing valuable information about the likely 
pathological features of the lesion. Thus, it is particularly 
useful in delineating tissue vascularization and angioneo-
genesis in the context of brain tumors.

In relation to gliomas, perfusion MRI has been shown 
to differentiate between low- and high-grade gliomas with 
low to moderate accuracy. The ratio of tumoral cerebral 
blood flow to normal-appearing white matter (relative ce-
rebral blood volume [rCBV]) was a sufficient metric to 
discriminate between low- and high-grade tumors with 
83% sensitivity and 48% specificity, averaged across sev-
en studies.30 Similar findings were replicated in a large 
single-center study involving 33 patients, demonstrating 
that perfusion MRI provided benefit in evaluating the pre-
operative tumor grade.31 While the accuracy of perfusion 
MRI grading is limited and varies across the literature, its 
diagnostic value remains higher than that of conventional 
MRI alone.32

Importantly, this technique has also been investigated 
in predicting malignant transformations of low-grade gli-
omas. A small study demonstrated that in patients with 
transforming low-grade glioma, perfusion MRI identi-
fied significant increases in rCBV up to 12 months before 
traditional contrast-enhanced T1-weighted imaging. This 
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was not the case in nontransforming gliomas, where the 
rCBV remained constant throughout the follow-up peri-
od.33 However, its predictive value is likely limited because 
of a lack of standardized parameters and susceptibility to 
imaging artifact and should not be used as a stand-alone 
technique in monitoring disease progression.34

Functional MRI 
fMRI is a neuroimaging technique that uses blood oxy-

gen level–dependent (BOLD) signals to map out oxygen 
consumption throughout the brain. This technique has 
been widely used in research to gain a stronger under-
standing of the functional divisions of the brain, as well as 
the connectivity between different brain regions. Howev-
er, fMRI is not commonly used in clinical practice, largely 
because of a high within- and between-subjects variability 
of the BOLD signal, as well as a lack of standardized ac-
quisition and analysis techniques.35

Despite this important limitation, fMRI may provide 
some benefit in preoperative surgical planning. Accord-
ing to a meta-analysis of 68 observational studies, func-
tional deterioration after glioma resection was less likely 
to occur when fMRI was performed preoperatively (OR 
0.25, 95% CI 0.12–0.53), implying a both statistically and 
clinically significant benefit.36 Another study specifically 
evaluating the benefit of fMRI for low-grade glioma resec-
tions revealed a very low incidence of postoperative com-
plications with fMRI-guided resection, further validating 
its benefit in clinical settings.37 However, the fMRI results 
should be carefully interpreted, as not all areas with an in-
creased BOLD signal are critical for neurological function. 
Anatomical knowledge and previous outcomes should be 
used to gauge which areas remain safe to resect despite an 
increased BOLD signal to achieve optimal results.

Lastly, independent component analysis of resting-state 
fMRI has shown a high success rate in differentiating gli-
omas from normal tissue, offering additional rationale for 
performing preoperative fMRI.74 However, unlike many 
other imaging techniques, fMRI has not been shown to be 
of benefit in glioma grading and tumor surveillance.

Positron Emission Tomography
PET is a functional radiological technique that al-

lows the visualization of intravenously injected positron-
emitting isotopes. The injected isotopes and their relative 
uptake across the body provide insight into physiological 
function, including blood flow and metabolism. In the field 
of oncology, PET is widely used as a method of localizing 
and grading tumors, as well as tracking disease progres-
sion and response to treatment.38

In relation to low-grade gliomas, PET has been shown 
to have a wide range of viable use cases. First, it can sup-
port the identification and grading of an underlying tumor. 
In one study, 18F-fluciclovine PET demonstrated very high 
sensitivity (97.5%) and specificity (95.5%) in differentiat-
ing low- and high-grade gliomas.39 Another study dem-
onstrated a differential uptake of carbon-11 methionine 
(11C-MET) across high-grade gliomas, low-grade glio-
mas, and chronic nontumoral lesions, with an accuracy of 
79% in differentiating between gliomas and nontumoral 

lesions.40 Similarly, dual-phased fluorine-18 fluorodeoxy-
glucose (18F-FDG) PET has shown 89.4% accuracy in pre-
dicting the proliferative activity of gliomas, making it a 
useful grading method.41 Despite a wide range of isotopes 
demonstrating high levels of accuracy in grading and dif-
ferentiating gliomas, it remains unclear which isotope is 
most effective and best suited for use in clinical practice.42

PET has also been investigated for monitoring pro-
gression and predicting survival in low-grade gliomas.43 
A study by Singhal et al. demonstrated that the tumor to 
mean standardized uptake value of 11C-MET in low-grade 
gliomas was statistically significantly correlated with pa-
tient survival.44 However, these authors did not observe the 
same trend with 18F-FDG PET, which was shown to be a 
less reliable predictor of patient outcome. More recently, 
evidence has suggested that fluorine-18 fluoroethyltyro-
sine (18F-FET) PET and 3,4-dihydroxy-6-18F-fluoro-l-
phenylalanine (18F-FDOPA) PET uptake may also be a 
predictor of tumor progression, disease recurrence, and 
unfavorable patient outcomes.45,46

Importantly, PET has also proved to be a valuable im-
aging modality in guiding stereotactic biopsy planning. 
Appropriate target selection is vital in obtaining a repre-
sentative sample of tissue that can accurately guide fur-
ther management. The use of PET tracers can identify the 
area of the tumor that is metabolically active, contains a 
high degree of proliferating cells, and provides an opti-
mal sample for histopathological analysis.47 A prospective 
study utilizing 18F-FET PET showed that the diagnostic 
performance of the glioma biopsy was significantly higher 
when 18F-FET PET and MRI were combined versus MRI 
alone (sensitivity: 93% vs 96%, specificity: 53% vs 94%, 
respectively).48 Another study demonstrated that 18F-FET 
PET can identify anaplastic foci in a low-grade glioma 
with a sensitivity of 92% and specificity of 82%.49 In a 
similar vein, although less researched, PET tracers are 
also being investigated as a potential adjunct tool in sur-
gery and radiation therapy planning for patients with glio-
mas.50 However, a major limitation of PET-guided biopsy 
is that the tumor needs to be large enough to be detected 
via PET (i.e., > 0.7 cm in diameter) and requires coordi-
nation between tracer administration and scan acquisition 
time based on the compound half-life.51

Single-Photon Emission Computed 
Tomography

SPECT, like PET, is a nuclear imaging modality that al-
lows for the assessment of tissue perfusion and metabolic 
uptake. It relies on the injection of a radioactive tracer, 
which binds to the evaluated tissue through a tissue-spe-
cific ligand. This radioactive isotope then emits gamma 
rays, which can be detected through a gamma camera.52

Overall, the value of SPECT in the evaluation of low-
grade gliomas is not as thoroughly researched as other 
techniques. Like most of the discussed imaging modali-
ties, SPECT has been shown to differentiate between low- 
and high-grade gliomas. For instance, in a study evaluat-
ing 61 patients with glioma, the technetium-99m sestamibi 
(99mTc-MIBI) SPECT index was significantly higher in 
high-grade gliomas than in low-grade gliomas.53 Similar 
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results were found with the 99mTc-glucoheptonate (GHA) 
radiotracer, which differentiated low-grade gliomas, high-
grade gliomas, and nonneoplastic lesions with moderate 
to high accuracy.54

SPECT may also be a viable tool in evaluating and 
predicting the progression of low-grade lesions. High up-
take of thallium-201 on SPECT was associated with an 
increased likelihood of early disease progression, even if 
the tumor demonstrated low proliferative activity on his-
topathological examination.55 Furthermore, 3-[(123)I]io-
do-alpha-methyl-l-tyrosine (IMT) SPECT demonstrated 
high accuracy in differentiating between tumor progres-
sion and radiation injury with 94% sensitivity and 100% 
specificity.56 These findings were replicated in another 
study in which IMT SPECT was clearly superior to 99mTc-
MIBI SPECT and 18F-FDG PET in differentiating be-
tween tumor progression and radiation injury.57 A system-
atic review on the topic reached a similar conclusion, with 
SPECT being the most accurate imaging technique in 
differentiating tumor progression from radiation-induced 
injury.58

Finally, SPECT may be a useful follow-up method, as 
both 99mTc-GHA SPECT and nitrogen-13 ammonia (13N-
NH3) PET have proven valuable in identifying recurrent 
gliomas with an accuracy of 85.5% and 83.6%, respective-
ly.59 Regular surveillance SPECT may be a valuable ad-
junct to the regular clinic follow-up for patients in whom 
resection of a low-grade glioma was performed, with the 
understanding that it, like PET, exposes the patient to ad-
ditional radiation.

Emerging Imaging Techniques
There is a broad spectrum of emerging imaging tech-

niques that may prove valuable in the evaluation of low-
grade gliomas. However, at this time, their respective di-
agnostic accuracy, as well as their test-retest variability, 
is yet to be fully evaluated and fine-tuned. In this section, 
we discuss selected techniques that are likely to play an 
increasingly important role because of the unique and im-
portant information they can provide about the underlying 
glioma.

Hyperpolarized 13C MRI is an emerging molecular 
method that allows noninvasive investigation of in vivo 
metabolism in real time, providing insight into the extent 
of both glycolytic and oxidative phosphorylation within 
the tumor.60 The technique has already been shown to 
be effective in differentiating IDH status and potentially 
supporting glioma surveillance.61,62 While hyperpolarized 
13C MRI is likely to prove useful in the evaluation of low-
grade gliomas, because of its novelty, the respective ac-
curacy and use cases have yet to be fully investigated and 
established.

Imaging methods utilizing near-infrared spectroscopy 
(NIRS) could also prove to be valuable in the assessment 
of low-grade gliomas. NIRS is an optical spectroscopy 
method that employs infrared light to monitor oxygen me-
tabolism.63 A study published in 2016 demonstrated that 
NIRS can be used to visualize the glioma intraoperatively, 
potentially guiding tumor resection.64 Furthermore, NIRS 
could support treatment monitoring and targeted drug 

delivery if the administered treatment is appropriately la-
beled with NIR fluorescence probes.65

23Na MRI is another novel method that allows the esti-
mation of tissue sodium concentration. The amount of so-
dium within the tumor has been correlated with the tumor 
proliferation rate66 and may prove useful in the assessment 
of low-grade gliomas. However, at this time, the technique 
lacks sufficient specificity and sensitivity when used to 
evaluate complex tumor microenvironments.67 Similarly, 
chemical exchange saturation transfer (CEST) imaging 
may facilitate the estimation of tissue pH, potentially pro-
viding an attractive metric to monitor proliferation rate, 
treatment response, and tumor progression.68 Another 
CEST-based imaging technique is CEST amide proton 
transfer (APT) MRI, which may be of value in identify-
ing molecular markers of glioma, including IDH, MGMT 
methylation status, 1p/19q deletion, and H3 K27M muta-
tion status.69

Many other imaging techniques are emerging, but their 
validity and use cases have yet to be evaluated. At this 
rate, it is conceivable that soon neuroimaging will become 
the primary method of evaluating and, to an extent, man-
aging low-grade gliomas. 

Conclusions
In summary, there is currently a wide variety of ad-

vanced neuroimaging techniques that can facilitate and 
improve the management of low-grade gliomas. These 
techniques are particularly useful at present for the iden-
tification and grading of gliomas, pre- and intraoperative 
planning, disease surveillance, and the monitoring of 
treatment response. We have discussed these in significant 
depth and have provided a condensed overview in Table 1.

Currently, there is insufficient evidence to suggest that 
certain techniques are superior to others, and in practice, 
the use of multiple techniques may provide the most reli-
able and consistent results.70,71 Most of the above-discussed 
techniques have shown reliable results in differentiating 
low- from high-grade gliomas but have had less success in 
identifying the exact grade (i.e., 1–4). Both DTI and fMRI 
may be particularly valuable in preoperative planning, as 
they delineate the functionally eloquent brain regions and 
patterns of connectivity that need to be preserved during 
tumor resection. However, both techniques carry inherent 
limitations, which are discussed within the respective sec-
tions of this review, and the use of additional intraoperative 
adjuncts remains highly encouraged. While MRS, PET, 
SPECT, and perfusion MRI can all be used to monitor 
tumor growth and visualize metabolic activity, the avail-
able evidence suggests that SPECT may be the most accu-
rate imaging technique at distinguishing true progression, 
but this needs further support.58 For the purpose of tumor 
biopsy, both PET and MRS have been explored, with lim-
ited data comparing the two. However, it is likely that the 
combination of the two techniques would yield optimal 
outcomes.72 Finally, while both DTI and MRS have been 
shown to differentiate IDH mutation status, genetic testing 
and histopathological analysis remain the gold standard.73

The decision on whether, and to what extent, to em-
ploy these techniques in the evaluation and management 
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of patients should be led by the practicing neurosurgeon, 
their familiarity with the established techniques, as well as 
the most recent scientific evidence. However, we strongly 
support the view that these techniques should, in some 
regard, be implemented in every physician’s practice, as 
they offer a noninvasive method of collecting valuable 
information regarding the glioma and its clinical course 
with the significant potential to facilitate and improve the 
management of this patient population. We also encourage 
continued research in this area, as there is currently a lack 
of robust prospective studies comparing the relative diag-
nostic accuracy, sensitivity, and specificity of advanced 
neuroimaging techniques as they pertain to the manage-
ment of low-grade gliomas. More definitive evidence will 
outline the optimal use cases for each method and support 
broader implementation of these modalities in neurosurgi-
cal practice.
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