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Abstract 

Isocitrate dehydrogenase (IDH) enzymes are a key element in the Krebs cycle and therefore 

cellular homoeostasis. Whole brain three-dimensional spectroscopic imaging is a feasible tool to 

display global metabolic reprogramming driven by IDH mutation seen in gliomas. We conducted 

a prospective longitudinal observational study recruiting WHO grade II-IV IDH mutant and IDH 

wildtype glioma patients undergoing surgical resection at the Montreal Neurological Institute. 

MIDAS software was used for processing and segmentation of three-dimensional echoplanar 

spectroscopic imaging obtained pre-operatively and 2 weeks after surgery. Parametric maps of 

N-Acetylspartate (NAA), Choline, GLX (Glutamine +Glutamate), Creatine and lactate were 

computed and co-registered on FLAIR images using MRIcrogl software. In total, 8 patients were 

recruited (5 IDH mutant and 3 IDH Wildtype) as well as 4 healthy controls. We analyzed the 

mean regional concentrations (Choline, Creatine, Lactate, NAA, GLX, Glu, Gln) and 

LAC/NAA, Cho/NAA ratios for 26 regions of interest (ROI) including tumoral, peritumoral and 

contralateral areas. Compared to healthy control and IDH wildtype, IDH mutant tumoral area 

showed a drop in the concentration of glutamate (P=0.025) with higher levels of glutamine 

(P=0.001), Choline (P=0.001) and overall reduction in GLX concentration (P=0.018). IDH wild-

type tumoral area showed higher concentration of lactate (P=0.001). Among IDH mutants, 

peritumoral area had significant drop of choline (P=0.001) and Taurine (0.027), higher 

concentration of glutamate (P=0.001) with lower Cho/NAA ratios below 1. Post-operatively, 

Glutamate was higher at the surgical margin when compared to pre-operative peritumoral areas 

(0.023). Analysis of contralateral areas showed no significant difference in the metabolites of 

interest for both IDH mutant and wildtype glioma. Taken all together, these metabolic changes 

reflect an IDH-mediated increase in cellular density with higher energy demand captured in these 
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tumors. Additionally, metabolic changes seen in peritumoral area could offer a potential marker 

for tumor border guiding surgical resection. Furthermore, whole brain spectroscopy offers a 

potential tool in IDH mutant post-operative assessment. Finally, in the absence of contralateral 

metabolic alterations, we suggest that IDH mutation affect tumoral and peritumoral area 

metabolites with no global impact detected. 
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Résumé  

Les enzymes isocitrate déshydrogénase (IDH) sont un élément clé du cycle de Krebs et donc de 

l'homéostasie cellulaire. L'imagerie spectroscopique tridimensionnelle de l'ensemble du cerveau 

est un outil viable pour afficher la reprogrammation métabolique globale induite par la mutation 

IDH observée dans les gliomes. Nous avons mené une étude observationnelle longitudinale 

prospective recrutant des patients atteints de gliome IDH mutant de grade II-IV de l'OMS et de 

type sauvage IDH subissant une résection chirurgicale à l'Institut Neurologique de Montréal. Le 

logiciel MIDAS a été utilisé pour le traitement et la segmentation de l'imagerie spectroscopique 

échoplanar tridimensionnelle obtenue avant l'opération et 2 semaines après la chirurgie. Les 

cartes paramétriques de N-Acétylspartate (NAA), Choline, GLX (Glutamine + Glutamate), 

Créatine et lactate ont été calculées et co-enregistrées sur les images FLAIR en utilisant le 

logiciel MRIcrogl. Au total, 8 patients ont été recrutés (5 mutants IDH et 3 de type sauvage IDH) 

ainsi que 4 individus en bonne santé. Nous avons analysé les concentrations régionales 

moyennes (Choline, Créatine, Lactate, NAA, GLX, Glu, Gln) et les rapports LAC/NAA, 

Cho/NAA pour 26 régions d'intérêt (ROI) comprenant des zones tumorales, péritumorales et 

controlatérales. Comparée au contrôle sain et au type sauvage IDH, la zone tumorale mutant IDH 

a montré une baisse de la concentration de glutamate (P=0,025) avec des niveaux plus élevés de 

glutamine (P=0,001), de choline (P=0,001) et une réduction globale de la concentration de GLX 

(P=0,018). La zone tumorale de type sauvage IDH a montré une concentration plus élevée de 

lactate (P=0,001). Parmi les mutants IDH, la zone péritumorale a connu une baisse significative 

de choline (P=0,001) et de Taurine (0,027), une concentration plus élevée de glutamate 

(P=0,001) avec des ratios Cho/NAA inférieurs à 1. Post-opératoirement, le Glutamate était plus 

élevé à la marge chirurgicale par rapport aux zones péritumorales préopératoires (0,023). 
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L'analyse des zones controlatérales n'a montré aucune différence significative dans les 

métabolites d'intérêt pour le gliome mutant IDH et de type sauvage. Globalement, ces 

changements métaboliques reflètent une augmentation de la densité cellulaire médiée par IDH 

avec une demande énergétique plus élevée capturée dans ces tumeurs. De plus, les changements 

métaboliques observés dans la zone péritumorale pourraient offrir un marqueur potentiel pour 

la bordure tumorale guidant la résection chirurgicale. De plus, la spectroscopie du cerveau 

entier offre un outil potentiel dans l'évaluation postopératoire des mutants IDH. Enfin, en 

l'absence d'altérations métaboliques controlatérales, nous suggérons que la mutation IDH 

affecte les métabolites de la zone tumorale et péritumorale sans impact global détecté. 
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It has become evident that gliomas transcend the boundary delineated by the T2 signal 

change.(1-3) Understanding the metabolic reprogramming driven by the tumor beyond its 

radiological margin will provide further insights into the tumorigenesis of gliomas. The primary 

objective of our study is to capture the global metabolic changes in brain metabolites for both 

Isocitrate dehydrogenases (IDH) mutant and wild type gliomas.  

One emerging modality is three-dimensional echoplanar spectroscopic imaging (3D EPSI)(4, 5). 

In this study, we employed this recent technology to analyze various metabolites detected in 

tumoral, peritumoral and contralateral areas for IDH mutant and IDH wild-type tumors before 

and after surgical resection. By studying these metabolites and their spatial distribution, we aim 

to shed light on the multifaceted metabolic complexities of gliomas, and ultimately contribute to 

a more targeted resection of these tumors.  

 

1.1 Isocitrate dehydrogenases mutation 

Since reported in 2008-2009 (6), isocitrate dehydrogenases mutation types IDH1/2 which are 

present in up to 70–80% of infiltrating gliomas have fundamentally changed the way adult-type 

gliomas are being classified given their impact on epigenetics, tumor microenvironment and 

patients survival (7, 8). Thus, the updated 2021WHO classification was based on the notion that 

IDH-mutant delivers a less heterogeneous approach in predicting prognosis and treatment 

response than histological factors such as the degree of necrosis or microvascular proliferation 

(9). Based on 2021WHO classification, tumors categorized into Astrocytoma - IDH-mutant, 

Oligodendroglioma - IDH-mutant, 1p/19q-codeleted, and Glioblastoma. In recently published 

data from the United States National Cancer Database, one-year overall-survival (OS) was 

53.7% for WHO grade 4 IDH-wildtype glioblastomas; 98.0%, 92.4%, and 76.3% for WHO 
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grade 2, 3, and 4 IDH-mutant astrocytomas, respectively; 97.9% and 94.4% for WHO grade 2 

and 3 IDH-mutant 1p/19q-codeleted oligodendrogliomas, respectively (10). 

 

Located on 2q33 and 15q26, both isocitrate dehydrogenase 1 (IDH1- cytoplasm ) and isocitrate 

dehydrogenase 2 (IDH2- mitochondria) function as single-gene enzymes in citric acid cycle, by 

oxidizing isocitrate to alpha-ketoglutarate (α-KG) which leads to the generation NADPH through 

utilizing nicotinamide adenine dinucleotide phosphate (NADP+) (6, 11). In the case of IDH 

mutation, a substitution  at one of two active enzymatic sites, typically from arginine to histidine 

develops a gain-of-function ability to convert α-ketoglutarate into 2-hydroxyglutarate (2HG) 

while the wild-type form continues to produce α-ketoglutarate (12). In this study, we aim to 

capture metabolic changes associated with IDH mutant glioma as a result of cellular metabolism 

forced to compensate for the shortage in α-ketoglutarate and NADPH (13) (11).   

 

1.2 2-hydroxyglutarate 

As a result of IDH1/2 mutations, oncometabolite 2-hydroxyglutarate (2HG) accumulates within 

the tumor cells (14). Dang et al demonstrated that mutant IDH1 tumors had between 5 and 35 

μmol of 2HG per gram of tumor, in contrast IDH wild-type tumor IDH1 had over 100-fold less 

2HG (12). The downstream effect of 2HG accumulation remains an area of interest. One 

hypothesis is that 2HG competitively inhibit α-ketoglutarate–dependent enzymes resulting in 

tricarboxylic acid (TCA) cycle down-regulation which leads to deregulating of ATP synthase 

(15). 2-hydroxyglutarate competitively inhibits numerous α-KG-dependent-dixoxygenases and 

also Jumonji C (JmjC) domain-containing histone demethylase (JHDM)s and ten-eleven 

translocation enzymes (TETs 1/2), which leads to histone and DNA methylation. 2-HG also 
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inhibits ALKBHs, which disrupt DNA repair of methylation damage (16). These findings raise 

the question as to how 2-HG would impact global metabolism in IDH mutant gliomas compared 

to IDH wild-type.  

 

1.3 Cellular metabolism 

In the realm of glioma research, widespread metabolic disturbances of the cellular metabolism 

have been identified(17, 18). This includes disturbances in key metabolites such as choline, 

glutamine/glutamate, and N-acetylated amino acids (19, 20). However, the intricate dynamics 

and full implications of these metabolic disruptions in relation to IDH mutation remain an area 

for further exploration 

 

1.3.1 N-Acetylated Amino Acids 

 

One of the most concentrated metabolites found in the brain is N-acetyl aspartic acid (NAA) 

(21).  Synthesized from aspartate and acetyl-coenzyme A, NAA found only in neurons is a key 

element in the nervous system metabolism. In a healthy brain, NAA concentration varies 

between 6–11 mM (22). The exact role of NAA is still unclear but it has been reported to be 

involved in osmoregulation, myelin lipid synthesis and axon-glial signaling (23). Interestingly, 

NAA has also been linked to ATP metabolism and energy production by favoring the conversion 

of glutamate to alpha ketoglutarate through acetylation of aspartate (24). Reduced levels of NAA 

reported in cases of stroke, tumors, and multiple sclerosis support the notion that NAA is a 

marker of neuronal integrity and can be used as a surrogate for neuronal loss and dysfunction 

(25). 
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1.3.2 Choline 

Choline-containing compounds (tCho) including free choline (Cho), glycerophoshorylcholine 

(GPC), and phosphorylcholine (PC), are involved phospholipid synthesis and degradation 

pathways (26). Consequently, Choline has been used to reflect membrane turnover as a marker 

of cellular density. The concentration of tCho in human brain is approximately 1–2 mM.(27, 28)  

 

1.3.3 Lactate  

In a healthy brain, lactate is present at a very low concentration of 0.5 mM (29). As a critical step 

in glycolysis, lactate dehydrogenase (LDH) converts pyruvate to lactate. An environment with 

rapidly proliferating cells relies heavily on glycolysis, a concept referred to as the “Warburg 

effect(30)”. In response to this hypoxic microenvironment, increase expression level of LDH has 

been reported which furthermore promote cell proliferation, migration and invasion (31). In 

adaptation to hypoxia, cells mediate the expression of multiple transcription factors most 

importantly hypoxia-inducible factor (HIF)-1α. HIF has been found to promote cell 

differentiation by activating the expression of genes encoding glycolytic enzymes (32).  

 

 

1.3.4 Glutamate and glutamine  

Glutamate, the primary excitatory neurotransmitter in the mammalian brain, serves as the direct 

precursor for γ-Aminobutyric acid (GABA). Furthermore, glutamate plays a crucial role in the 

formation of other small metabolites, such as glutathione(33, 34). It can be found at an average 
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concentration of 8-12 mM, indicating its significant presence and potential role in various 

metabolic processes in the brain (35). 

Glutamine, primarily located in astroglia at a concentration of 2-4 mM, is derived from 

glutamate via the enzymatic action of glutamine synthetase within astroglial cells (36). It is 

further metabolized back into glutamate by phosphate-activated glutaminase, which is refer to as 

glutamine-glutamate cycle (33). As a key component of intermediary metabolism, glutamine has 

been implicated as a fuel source for a number of cancers (37).  

Vital to the understanding, as glutamine is hydrolyzed by glutaminase to produce glutamate, 

Glutamate is subsequently converted to α-ketoglutarate making it an intermediate in tricarboxylic 

acid (TCA) cycle and an emerging as a hallmark of cellular energy.  

 

1.3.5 Taurine 

While the precise role of taurine remains elusive, it is postulated to function as an osmoregulator 

and potentially modulate the effects of neurotransmitters (38, 39). Taurine is ubiquitously present 

within all cells of the central nervous system with an approximate concentration around 1.5 mM 

(40). 

 

1.3.6 Creatine  

Creatine and phosphocreatine, collectively referred to as "total creatine," are found in both 

neuronal and glial cells and are integral to cellular energy metabolism. Creatine is believed to 

serve as an intracellular ATP buffer through its phosphorylation in proximity to ATP production 

sites by mitochondrial creatine kinase (MtCK), resulting in the formation of phosphocreatine 

(41). The normal concentration of creatine is around 8.83 ± 1.32 mM (42). 
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1.4 Available techniques in quantifying metabolites changes in gliomas 

One widely used technique in quantifying metabolite concentrations in gliomas in a clinical 

setting is single-voxel (two-dimensional) magnetic resonance spectroscopy (43). However, there 

are a few limitations of this technique. One limitation is restricted coverage of the entire tumo,r 

which leads to incomplete sampling of the tumor volume. One the other hand, a large single 

voxel might include areas of necrosis/edema/normal brain which could influence the metabolic 

concentration in that captured voxel (44). Another major limiting factor especially for infiltrating 

glioma, is the inability to capture tumor cells or the metabolic changes that results from 

infiltrating tumor cells beyond contrast-enhancing region (45, 46) .All these limitations led to the 

introduction of other techniques one of which is three-dimensional echoplanar spectroscopic 

imaging (3D EPSI). This emerging modality maps the metabolites in a wide extent of the brain, 

including deep brain structures and cortical surface regions (47). By generating high-resolution, 

volumetric maps of metabolites, encompassing both supratentorial and infratentorial brain 

regions. Three-dimensional echo planar spectroscopic imaging can be spatially aligned with 

anatomical images, enhancing our ability to track variations in metabolite levels within normal 

brain parenchyma as well as tumor's actual spatial extent (48). Further, the approach of whole-

brain data acquisition employed by 3D EPSI circumvents the issues of subjectivity and user bias 

associated with voxel placement. 

Previous studies (49, 50) looked into the metabolic alterations associated IDH mutation mainly 

through a single-voxel spectroscopy (SVS). However, the global changes in brain metabolites 

driven by the mutation are still unclear. And the impact of these findings on clinical practice 
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including extent of resection or response to therapy is a promising application of this modality of 

imaging.  

 

1.5 Peritumoral area  

Early studies showed that up to 70–90% of recurrent glioblastoma occurred within 2–3 cm of 

tumor margin (51). Histological studies were able to identify invasive glioma cells at a greater 

distance from the primary tumor margin (52). Radiologically, some would define peritumoral 

area as the brain area surrounding the tumor contrast enhancement in T1 gadolinium-enhanced 3-

dimensional magnetic resonance imaging (3D-MRI) (53). Zatterling et al (54), by coregistration 

histopathological and magnetic resonance imaging data concluded that tumor cells were found 

outside the radiological tumor border delineated on T2-FLAIR MRI sequences. Pallud et al (55), 

in the context of diffuse low-grade gliomas, analyzed serial stereotactic biopsies for untreated 

supratentorial well-defined and non-contrast-enhanced lesions in 16 adult patients. The study 

showed tumor cells at distances of 10 to 20 mm beyond the hypersignal areas on T2-weighted 

and FLAIR MRI sequences.  

Although peritumoral area in glioma shares the same macroscopic aspect as the normal 

parenchyma. Peritumoral area has its own cellular characteristics. This includes infiltrating 

tumor cells, reactive astrocytes that been shown to promote tumor growth and 

survival, inflammatory cells particularly tumor-associated macrophages (TAMs), microglia, and 

other glioblastoma-associated stromal cells (GASCs) (53).  

This raises the question as to how IDH mutation would impact the peritumoral area. Mortazavi et 

al (56), investigated IDH-mutant glioma-related epileptogenesis. Authors suggest that seizures 

are related to metabolic disruptions in the surrounding cortex secondary to 2-HG and its role in 
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TCA cycle and generation of hypermetabolic phenotypes.  In another study using Mass 

spectrometry imaging to analyze tissue from IDH wild-type gliomas found that enhanced levels 

in lactate, glutamine in tumoral area with lower levels of NAA compared to peritumoral area. 

Additional investigation is warranted to better understand the influence of IDH mutations and the 

accumulation of 2HG on the peritumoral region. 

 

1.6 Markers of tumor border  

The delineation of tumor margins, particularly in non-contrast enhancing gliomas, remains a 

challenge. One proposed marker is lactate-to-N-acetyl-aspartate ratio (Lac/NAA) ratio. Deviers 

et al (57), demonstrated a Lac/NAA ≥ 0.4 would differentiate between tumor and normal values 

with 88.8% sensitivity and 97.6% specificity (findings not stratified by IDH mutation status). 

Choline/N-acetyl-aspartate (Cho/NAA) ratio was also suggested as higher Cho/NAA ratios were 

associated with a greater probability of higher MIB-1 counts, stronger CD34 expression, and 

tumor infiltration (58). In an interesting study conducted by Yan et al(59), authors generated 

spectroscopic quantification on glioma animal models looking into peritumoral area for possible 

markers. taurine was significantly lower in tumor periphery while, the glutamate and glutamine 

(Glx) concentration peaked at the tumor periphery. In this study we aim for a more in-depth 

exploration of choline, glutamate and glutamine in relation to IDH mutation status.  

 

1.7 Global Metabolic changes driven by IDH mutation  

Whole brain spectroscopy provides a unique opportunity to understand the spatial distribution of 

the disease as well as global metabolic reprograming beyond its local spread (60). Since the 

recent introduction of Whole-Brain 3D spectroscopic imaging into the field of glioma research, 
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few studies have explored its clinical potential. One way is the proposed tumor mapping based 

on 2 HG concertation (61). Other authors have utilized whole brain Echo-planar spectroscopic 

imaging by defining contralateral hemisphere as a control to compare tumoral metabolites (62). 

To our knowledge, no study has surveyed the metabolite levels in IDH glioma contralateral 

hemisphere and compared it to healthy brain. This study attempts to analyze the global impact of 

IDH mutant glioma by analyzing metabolites in the contralateral hemisphere.  

 

1.8 Post-operative metabolic changes  

For MRS studies to be effective, especially in cases suspecting glioma regrowth, it is vital to 

identify the patterns of change in metabolites between preoperative and postoperative MRS 

investigations. Correlating these alterations with clinical data regarding the progression of the 

disease can provide valuable insights. Czernicki et al (63), used one-dimensional voxel 

spectroscopy at the tumour resection site 6 month post-operatively. Authors concluded that an 

increase in Cho/NAA ratio and decrease in NAA/Cr ratio, is suggestive of glioma regrowth 

rather than post-radiation cerebral necrosis. Andronesi (64) et al, measured 2HG levels in IDH-

mutant glioma patients receiving adjuvant radiation and chemotherapy. Interestingly, mean 2HG 

levels decreased significantly by 48% in the post-treatment scan. Furthermore, decreased 2HG 

level was found to correlate with clinical status measured by Karnofsky Performance Scale 

(KPS). 

In this study, we hypothesize that using whole brain MRSI will capture metabolic changes driven 

by IDH mutation within the tumoral and peritumoral regions. To achieve this, we sought to 

utilize whole brain spectroscopy to compare these areas to healthy control subjects and IDH 

wild-type tumors. Next, we sought to investigate the effect of IDH mutation status on global 
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brain metabolites by analyzing the contralateral side. Third, we explored metabolite alterations in 

the  peritumoral area to identify markers of tumor boarder. Lastly, we sought to assess if 

cytoreduction achieved by surgical resection results in dynamic changes of peritumoral 

metabolites. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

Chapter 2: Materials and Methods 
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2.1 Study design  

A prospective longitudinal observational study was conducted at the Montreal Neurological 

Institute, Montreal, Canada from March 2022 to May 2023. The study was approved by the 

McGill University Health Centre Research Ethics Board Neurosciences and Psychiatry panel 

(REB# 2019-5455). We recruited patients with suspected WHO grade II-IV IDH mutant glioma 

at diagnosis or suspected recurrent WHO grade II-IV IDH mutant glioma who are scheduled to 

undergo open surgical resection. At the time of recruitment IDH mutation status was known or 

will be established following surgery as per standard clinical practice. Post-operative scans were 

conducted at 2 weeks mark.  

The following clinical data was collected at the time of enrolment (age at the time of scan, age at 

diagnosis, sex, prior radiation or chemotherapy, dose of Decadron at the time of imaging, seizure 

history before and after surgery, antiepileptic medication use, histological diagnosis and tumor 

grade, IDH mutation status) 

 

2.2 Magnetic Resonance Spectroscopy Imaging (MRSI) Acquisition: 

All MRI and MRS scans were performed on one 3.0T MRI scanner in collaboration with The 

McConnell Brain Imaging Centre. Acquisition of each scan required 75 minutes.  

 

2.2.1 Parameters used for EPSI 

Delta frequency: -2.20 ppm, Phase encoding: Elliptical, Bandwidth: 125000 Hz 

Acquisition duration: 8 ms, Vectors: 512, TE 17.1 
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2.2.2 Parameters used for fluid attenuated inversion recovery (FLAIR) 

1-mm-thick 2D clinical FLAIR images were acquired for anatomical correlation. The acquisition 

also obtained a water-reference SI dataset. 

 

2.3 Imaging Processing 

MIDAS (Metabolic Imaging Data Analysis System) software package was used for processing, 

display, and analysis of MR Spectroscopic imaging data. MIDAS software supports a volumetric 

echo- planar spectroscopic imaging (EPSI) acquisition and display a high-resolution map of the 

brain, including cortical surface regions. Processing included linear registration calibration 

between T1-weighted MR and whole-brain MRSI. Detection of metabolic maps conducted from 

the water reference MRSI with a voxel volume of 1.55 cc 

All processing parameters are predefined. These include. 

• Four-Dimensional Fourier Transform (FDFT) which performs dimensional 

transformation along with several standard MR signal processing operations to generate 

multidimensional spectroscopic imaging data 

• Automated spectral fitting of single spectra (FITT), fitting is conducted based on 

parametric modeling generated from established prior knowledge of the metabolite 

resonances 

• METAFIT, enable fitting on low metabolic signals such as glutamate and lactate. 

• Volumizer organizes data in a consistent way following importing of raw images prior 

data processing 
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• Pre-Processing for EPSI Data (EPSI2) converts (spectroscopic imaging) SI data acquired 

with an echo-planar readout into the Cartesian data organization that are used for 

processing  

• Reference MRSI Data Formation (REFDAT) creates a reference to obtain correction 

functions for the spectral processing performed through FDFT step.  

 

2.4 Imaging Analysis  

2.4.1 Regions of interest (ROI): 

Tumoral (ROI): Created based on FLAIR hyperintensity 

Peritumoral area (pROI): Defined to include 1 cm band around the ROI 

Contralateral brain (cROI): estimated on the midsagittal plane of the brain on T1w of the 

contralateral brain hemisphere, volume was selected as a contiguous WM region in the 

supraventricular region of the brain (top 6 cm of the brain) 

Post-operative (post-opROI): included 1 cm band around surgical bed margins  

 

2.4.2 Segmentation 

Raw Digital Imaging and Communications in Medicine (DICOM) MRI data of 1 mm FLAIR 

images were imported into 3D Slicer software where a manual segmentation was performed to 

define each region of interest (ROI) which is created based on FLAIR hyperintensity signal. 

Peritumoral area (pROI) was defined to include 1 cm band around the ROI (Figure.1) 
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2.4.3 Spectrum fitting 

Fitting is then conducted on each region of interest (ROI) to generate a spectrum by integrating 

multiple voxels. Heatmaps metabolite images are reconstructed from automated spectral fitting 

of the volumetric MRSI data (Figure 2) 

 

2.4.4 Heatmaps 

MRIcroGL was used to map analyzed DICOM data from MIDAS after converting them to NIfTI 

format image to view different overlays. Overlays were adjusted manually to intensity range 

values and the color scheme to emphasize different tissues 

 

2.5 Statistical analysis  

 

The mean regional Cho, Cr, Lac, NAA, GLX, Glu, Gln, LAC/NAA, Cho/NAA for 26 regions of 

interested were corelated using student t-test and One-way ANOVA to test for differences in 

metabolite concentrations among the different areas. All procedures were carried out using SPSS 

version 17 for Windows (SPSS Inc., Chicago, IL, USA). P-value (q) less than 0.05 was 

considered significant for the correlations. 
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Figure.1: Multiple views demonstrating segmentation analysis manually performed on both 

tumor and peritumoral areal  
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Figure.2: One fitted spectrum is generated by integrating multiple voxels of the defined region of 

interest (ROI). In this example A: represent the spectrum for peritumoral area while B: the 

spectrum represents tumoral area. 
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Chapter 3: Results  

 

3.1 Study population  

We recruited a total of 8 patients (5 IDH mutant and 3 IDH Wildtype) as well as 4 adult healthy 

control. Among IDH mutant patients four were males and one was a female. Four had frontal 

lobe occupying tumors and one had frontotemporal tumor. Post-operative images were obtained 

for three patients (#1,#3,#4) Patient #2 required a long rehab center admission, patient #5 

pending available scanning time from McConnell Brain Imaging Centre. IDH-wild type group 

included two females and one male. Anatomical distribution of the tumor varied to include 

frontotemporal, temporoparietal and parietooccipital. Post-operative images were obtained for 

one patient (Patient#2). Patient#1 had multiple post-operative comorbidities resulted in 

bedridden status, while Patient#3 is pending available scanning time from McConnell Brain 

Imaging Centre. We aimed for two weeks post-operatively to obtain the scans. Given scanning 

time availability, mean waiting time was 32.5 days. Two patients  (#4, #2) were on adjuvant 

therapy while obtaining the scan including radiotherapy and temozolomide.  
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Table.1 demonstrating the clinical characteristics for IDH mutant and IDH wild-type patients as 

well as the healthy control volunteers.  

Subject  Sex 
Age at the time of 

diagnosis  
Location Mutation status 

1 M 33 

N/A Healthy Control  
2 M 33 

3 F 34 

4 F 30 

     
1 F 64 Rt Frontotemporal  

IDH Wild-type 2 F 58 Rt Temporoparietal  

3 M 36 Lt parietooccipital  

     
1 M 45 Lt Frontal  

IDH Mutant 

2 M 33 Rt frontal 

3 F 28 Lt frontal  

4 M 25 Rt frontotemporal 

5 M 30 Rt Frontal  
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3.2 Characterization of IDH mutant tumoral area 

To study the effect of IDH mutation on brain metabolites, we compared the mean of each 

metabolite of interest found in the five IDH mutant tumors to four healthy controls. Choline was 

found to be elevated in all five subjects when compared to healthy control (P=0.044). NAA in 

the other hand was markedly lower in all subjects in relation to the healthy control (P=0.040). 

Creatinine was relatively reduced but with variability across IDH mutant patients.   

To test the value of measuring metabolites ratios in identifying tumoral area, both Cho/NAA 

(2.3671 vs 0.0957) and Lac/NAA (1.4102 vs 0.1867) were higher in IDH mutant glioma when 

compared to healthy control (P=0.0001).  
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Figure.3: A) Choline (Cho), Creatine (Cr), and N-Acetyl aspartic acid (NAA) concentrations in 

four healthy control compared to five IDH mutant areas. An asterisk indicates a statistically 

significant difference. B) An average spectrum from a healthy control is demonstrated. C) Fitted 

spectrum of a tumoral area of Patient#4 showing higher levels of choline and lower levels of 

NAA in IDH mutant area compared to the healthy control. Concentrations measured by 

millimolar (mM). The methyl protons of choline-containing compounds at circa 3.2 ppm while 

NAA resonance originates from the methyl group of NAA at 2.01 ppm.  
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Figure.4 Heatmap images of axial T1 images overlayed with whole brain metabolic map of 

Choline comparing the concentration between a healthy control subject#3 and IDH mutant 

patient#4. Brighter signal picked up across the tumoral area indicating higher levels of Choline.  
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3.3 IDH mutant tumoral area compromise a distinct metabolic profile in relation to IDH 

wildtype 

To test the hypothesis that IDH mutation impact metabolic distribution in the tumoral area, we 

compared the mean of each metabolite of interest in the five IDH mutant tumors to IDH wild 

type three subjects. One main finding is the elevated Cho levels observed in IDH mutant tumor 

compared to wildtype (P=0.0001). Interestingly, Lac was significantly higher in IDH wild type in 

relation to IDH mutant tumors.  
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Figure.5: Boxplot showing A) Choline (Cho), N‐Acetyl aspartic acid (NAA), Creatine (Cr), and 

Lactate (Lac) concentrations five IDH mutant tumoral areas compared to three IDH wild-type 

tumoral areas. With significantly higher levels of Cho and lower levels of NAA in IDH tumoral 

areas while IDH wild-type showed higher levels of Lac. An asterisk indicates a statistically 

significant difference. B) Comparison of a spectrum from a healthy control, IDH mutant tumoral 

area  (Patient#4) and a spectrum from IDH wild-type tumoral area (Pateint#3). Concentrations 

measured by millimolar (mM). An asterisk indicates a statistically significant difference. The 

methyl protons of choline-containing compounds at circa 3.2 ppm while NAA resonance 

originates from the methyl group of NAA at 2.01 ppm. Lactate at 1.3 ppm.   
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Figure.6: A) Fitted averaged spectrum indicating higher lactate resonance in IDH wild-type 

tumoral area compared to IDH mutant tumoral area. lactate resonance is present at signal at 1.31 

ppm. B) Heatmap of axial T1 images overlayed with whole brain metabolic map of lactate 

showing higher signal in IDH wild-type vs mutant tumoral aeras.  

 

3.4 Glutamine and Glutamate as a fuel source for cancer metabolism  
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To study the role that both Glutamine and Glutamate play in driving the metabolism in IDH 

mutant tumors, we quantified the concentrations of both in IDH mutant, wild type and healthy 

control. We noticed a drop in the concentration of glutamate with higher levels of glutamine 

were observed in IDH mutant tumors compared to healthy control (P=0.02). When compared to 

IDH wild type, IDH mutant tumors showed significant decrease in glutamate concentration 

(P=0.001).  

Interestingly, compared to the healthy control peritumoral areas of IDH mutant had significantly 

reduction of glutamate (P=0.007). Although glutamine was not significantly different, overall 

GLX was lower in IDH mutant peritumoral area. However, IDH wild-type peritumoral area did 

not show significant finding in glutamate or GLX (P=1.02 and P=0.79) 
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Figure.7: Stacked bar showing the mean concentration millimolar (mM) of (Glutamate (Glu), 

Glutamine (Gln) and GLX (Glu+Gln) for IDH mutant tumoral area (IDHmt), IDH mutant 

peritumoral area (IDHmpt), IDH wild-type tumoral area (IDHwt), IDH wild-type peritumoral 

area (IDHwpt) and healthy control. Significant drop of glutamate concentration noticed in IDH 

mutant tumoral area compared to IDH wild-type tumoral area and healthy control(P=0.001). 

Higher levels of glutamine were also observed in IDH mutant tumoral areas. These significant 

alterations in Glu and Gln were also seen in IDH peritumoral area when compared to the healthy 

control (p=0.0001) but not significantly evident in IDH wild-type peritumoral area.  
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Figure.8: Illustration demonstrating the role both glutamine and glutamate play in the Krebs 

cycle metabolism. Glutamine is hydrolyzed by glutaminase to produce glutamate, which is 

subsequently converted to α-KG.  
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3.5 Peritumoral area and potential biomarkers indicating tumor border. 

When comparing tumoral to peritumoral area of IDH mutant tumors, Cho and Tau and glutamine 

were higher in concertation in tumor vs peritumoral area (P=0.000, P=0.003 and P=0.02 

respectively). Glutamate was significantly lower in IDH mutant tumoral area when compared to 

peritumoral area. Correlation Cho/NAA ratio was also higher at 2.1755 for tumor area vs 0.1789 

for peritumoral area (P=0.001).  
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Figure.9: Showing potential biomarkers of tumor border with significant change between 

tumoral (IDHm) and peritumoral area (IDHmpt) among IDH mutant tumors. Concentrations 

measured by millimolar (mM). An asterisk indicates a statistically significant difference 
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Figure.10 A) showing CHO/NAA correlation level that was significantly higher in IDH mutant 

tumoral area (IDHmt) when compared to peritumoral area (IDHmpt). Interestingly, all 

peritumoral CHO/NAA measurements fell below 1. B) Heatmap of axial T1 images overlayed 

with whole brain metabolic map of CHO/NAA, higher signal observed at the tumor compared to 

peritumoral area.  
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3.6 Post-operative analysis 

To study the effect of surgical resection for IDH mutant tumors, we compared preoperative 

peritumoral area to post-operative peritumoral area. Only Glutamate (P=0.023) that was 

statistically different between the groups Choline (P=0.32), Creatine (P=0.54), Lactate (P= 0.25), 

NAA (P= 0.12), Glutamine (P=0.25). When comparing post-operative peritumoral area to 

Glutamate measurement to healthy control subjects, no significant change found (P=0.07). 

Cho/NAA showed lower values post operatively compared to preoperative peritumoral area 0.04 

vs. 1.54  but not statistically significant (P=0.067) 
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Figure.11 Post-operative analysis showing significantly elevated levels of glutamate in post-

operative IDH mutant peritumoral area (post-op) when compared to pre-operative peritumoral 
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area (pre-op), No significant difference found between post-operative IDH mutant peritumoral 

area (post-op) and healthy control subjects. B) Heatmap of axial T1 images overlayed with 

whole brain metabolic map of CHO/NAA. Diminished signal is noticed in post-operative 

surgical bed. Concentrations measured by millimolar (mM). An asterisk indicates a statistically 

significant difference.  
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3.7 Global metabolic changes  

To study the global metabolic changes, we measured metabolites concentration in contralateral 

hemisphere for both IDH mutant and IDH wild type gliomas. First, we compared (choline, NAA, 

Lactate, creatine, glutamine, glutamate) between IDH mutant contralateral area to the healthy 

control. No difference was found in individual metabolites of interest (P=0.45, P=0.07, P=0.03, 

P=0.63, P=0.60 and P=0.22 respectively). Second, we compared choline, NAA, Lactate, creatine, 

glutamine, glutamate) concentration in contralateral areas between IDH mutant and IDH wild 

type, no significant difference reported in different individual metabolite (P=0.14, P=0.25, 

P=0.35, P=0.55, P=0.92 and P=0.09 respectively). 
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Figure.12 Comparison between IDH mutant contralateral area (IDHmCon), IDH wild-type 

contralateral area (IDHwtCon) and healthy control subjects showing no significant change in 

metabolites of interest including Choline, NAA, Lactate, Creatine, Glutamate and Glutamine   
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Chapter 4. Discussion  

 

Whole brain three-dimensional spectroscopic imaging is a feasible tool to display metabolic 

reprogramming driven by IDH mutation (65, 66). We found multiple metabolites that were 

significantly different between IDH mutant and IDH wild-type tumoral areas and possibly altered as 

a result of the mutation. One of which is N-Acetylated Amino Acids (NAA) with a drop in 

concentration found in IDH mutant tumoral area compared to both healthy control subjects and IDH 

wild-type tumoral area. One possible explanation, supported by Reitman et al (67), is the IDH 

mutation mediated downregulation of N-acetyltransferase enzymes or the upregulation of 

breakdown of N-acetylated amino acids. Although this phenomenon is not fully understood, 

Reitman et al found low levels of acetyl-CoA (substrates for N-acetyltransferase) associated with 

low levels of N-acetylated amino acids in glioma cells expressing IDH1 or IDH2 mutants. 

Another possible explanation is the depletion of glutamate. Glutamate is a substrate for N-acetyl-

aspartyl-glutamate (NAAG) synthetase which is part of the N-Acetylated amino acids compound 

(67).  

 

Choline has been used as marker of cellular density as it reflects cellular membrane turnover 

(26). Interestingly, we found elevated choline concentration not only in comparison with the 

healthy control, but also in relation to IDH wild-type. Furthermore, elevated Choline levels were 

also seen IDH mutant peritumoral area. In 1999 prior to the IDH mutation-based classification, 

Sabatier et al (68), studied choline concentration using in vitro magnetic resonance spectroscopy. 

Authors found higher levels of choline in low-grade astrocytomas compared to high grade. In the 

study, authors suggested that these finding could be a result of organized membrane proliferation 
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while the lower choline levels detected in high grade glioma might be related to the necrotic 

nature of these tumors.  

To understand the correlation between choline concentration and IDH mutation, it is important to 

highlight the relationship between 2HG and cellularity. Jalbert et al (69), investigated the 

metabolic profiles of ex vivo IDH mutant glioma cells. They found a correlations between 2HG 

levels and mitotic activity (measured by MIB1 antibody staining). Similar results were reported 

by Pope et al (70) were 2HG levels were correlated with the Ki-67 proliferation index of the IDH 

mutant tumors. These findings indicate an increase in cellularity linked to the production of 

2HG, and potentially suggest choline to serve as an in vivo biomarker IDH mutant glioma.  

 

Correlation levels have been suggested to differentiate tumoral voxels from normal voxels. One 

proposed parameter is Cho/NAA ratio which has further been suggested as a biomarker of tumor 

prognosis and treatment response. Bulik et al (71),suggested a Cho/NAA ratio of ≥1.4 to 

differentiate recurrence from pseudoprogression. Furthermore, Cui et al (72) recently suggested 

Cho/NAA ≥ 1.31 in peritumoral area was as an independent risk factor for early recurrence, 

however only (9.0%) of their cohort harbored IDH mutation. In our study, Cho/NAA ratio was 

markedly higher in tumoral area when compared to healthy control. Interestingly IDH mutant 

tumoral area had a higher ratio (all >1) when compared to peritumoral area which could indicate 

a higher cellular proliferation driven by IDH mutation. Which could also be implemented as a 

marker of tumor border.  

 

Glutamate/ Glutamine cycle is a critical element in brain metabolism. By serving as an important 

excitatory neurotransmitter, glutamate is critical for glutamatergic neurons synaptic cleft and 
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therefore multiple brain functions (73). Astrocytes sustain glutamate homeostasis by eliminating 

glutamate toxicity through glutamate/ glutamine neuroglial cycle (33). This process is hijacked 

by tumor cells. It has been shown that glioma cells compete for the glutamine to promote their 

proliferation. One possible mechanism is by upregulating expression of glutamine and  

glutamate importers such as ASCT2 (SLC1A5) SNAT3 and SNAT-5. As a result, rapid of 

glutamine influx is redirected toward the tumor microenvironment (74).  

In IDH1-mutated gliomas, further alterations in Glutamate/ Glutamine is expected, given their 

contribution in TCA cycle. One study looked into TCA cycle intermediates in mutant IDH1- and 

IDH2-expressing cells (67). They found elevated flux from glutamine to 2HG related to IDH1-

R132H expression. Furthermore, depletion of glutamate as it is converted to α-ketoglutarate and 

then to 2HG (Figure.7). 

In our study, depletion of glutamate and increase of glutamine seen in IDH mutant and IDH 

wild-type tumoral areas is suggestive of the high energy demand required to maintain tumor 

growth and proliferation. Interestingly, IDH mutant tumoral area showed significantly higher 

concentration of glutamine and lower concentration of glutamate when compared to IDH wild-

type. These results suggest glutamine-to-glutamate conversion as a metabolic hallmark for IDH-

mutated cells. 

 

Interestingly, IDH wild-type tumoral area showed higher concentration of lactate compared to 

IDH mutant area. As the end-product of nonoxidative glycolysis, lactate has been shown to 

reflect hypoxic environments(75). Few recent studies have investigated the association of IDH 

mutation and multiple glycolytic factors. Koivunen et al (76), demonstrated downregulation of 

HIF-1α driven by 2-hydroxyglutarate. Chesnelong et al (77), was the first to report 
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downregulation of lactate dehydrogenase by 2-hydroxyglutarate in IDH mutant cells. Lactate 

dehydrogenase is essential for glycolysis as it convert pyruvate to lactate. An IDH mutation-

dependent silencing of lactate dehydrogenase might reflect a limited glycolytic capacity in IDH 

mutant glioma, which might explain the better prognosis in IDH mutant compared to IDH 

wildtype glioma. In accordance with these findings, our results showing a reduction in lactate 

concentration in IDH mutant tumoral area might offer a potential tool for prognostication in 

patients with glioma  

  

  

Given that the prognosis for patients with high-grade gliomas is largely contingent on the extent 

of tumor resection, the development of innovative imaging techniques for accurately determining 

tumor margins preoperatively is crucial. One unique feature in whole-brain spectroscopy is the 

ability to study peritumoral area for possible biomarkers for tumor border.  

In our study, although Cho was higher in IDH mutant tumors tumoral and peritumoral areas, a 

marked drop was noticed between the two areas. Maudsley et al (78), in their analysis of 

peritumoral area found an increase in Cho ratios in the peritumoral regions of IDH mutant 

tumors when compared to IDH wild-type, Together these findings suggest Cho as a marker for 

tumor border especially in IDH mutant tumors 

 

 Another interesting finding is the drop of Tau (which is known for its osmoregulation function) 

in IDH mutant peritumoral area compared to IDH mutant tumoral area. One possible hypothesis 

is that Tau has a higher water solubility than other metabolites and an increase in interstitial 

water in peritumoral area will lead to dramatic fall in its concentration (59). Other proposed 
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biomarker were glutamate and glutamine that showed significant difference in concentrations 

between IDH tumoral area and peritumoral area. These changes are likely related to increase 

energy demand within the tumor.  

 

Post-operative analysis of IDH mutant peritumoral area showed marked increase of glutamate 

concentration, these findings suggest an initial metabolic recovery as a result of alleviating tumor 

mass. Future research corelating post-operative glutamate concentration to progression free 

survival and overall survival is a potential tool in our prognostication of IDH mutant gliomas  

 

Few studies have looked into the contralateral area as a control to investigate global metabolic 

changes induced by gliomas. To our knowledge this is the first model used to compare both IDH 

mutant and wildtype contralateral areas to healthy control. In 2009, one study (79) performed 

single-voxel MR spectroscopy to compare high grade glioma (HGG) and low grade glioma 

(LGG) contralateral hemisphere to healthy control subjects. There were no significant 

differences between LGG and control subjects, while HGG had increased concentrations of myo-

inositol and glutamine. IDH mutation status however was not defined in the study.  

In our study no significant difference in individual metabolites of interest were found between 

IDH mutant or IDH wildtype contralateral areas and healthy control subjects. Our findings 

suggest that although metabolic alterations driven by IDH mutation reach beyond the FLAIR 

signal into peritumoral area, no global impact is captured secondary to the mutation.  

 

Limitations of this study include the ability to accurately quantify 2-HG. A short TE acquisition 

of 17.6 milliseconds has been used to optimize glutamate and glutamine detection, however 
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measuring 2-HG would require a long TE (120—288 ms). Heatmap reconstruction from EPSI 

sequence is associated artifact adjacent to bony structure such as tumors close to the skull base. 

To avoid the inclusion of low-quality spectroscopic data, an automatic quality assurance 

procedure is used as part of the MIDAS programming. Another limitation was recruitment of 

IDH wildtype patients given their rapid clinical deterioration which precluded the opportunity to 

scan prior to surgical resection.   

 

In conclusion, whole brain spectroscopy provides a unique opportunity to investigate metabolic 

reprogramming driven by IDH mutation. An increase in choline, glutamine with a reduction of 

glutamate reflect an IDH-mediated increase in cellular density with higher energy demand 

captured in these tumors. Furthermore, understanding peritumoral area as a specific entity could 

provide a promising tool for pre-operative mapping such as choline, taurine, glutamine and 

glutamate. Finally, our results indicate that while the metabolic changes triggered by IDH 

mutations extend beyond the FLAIR signal into the peritumoral region, these alterations do not 

appear to have a global impact attributable to the mutation. 
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