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INTRODUCTION
The alteration of biochemical pathways has been postulated as 
the basis of human diseases. It is an understatement to say that 
knowledge of the biochemistry of pathological tissues will prove 
useful in the diagnosis, grading, staging, treatment, and response 
evaluation of diseases. Analytical techniques existing for metabolic 
analysis, such as gas chromatography-mass spectrometry, 
liquid chromatography-mass spectrometry, and thin-layer 
chromatography, are performed with biological samples. In contrast, 
Nuclear Magnetic Resonance Spectroscopy (NMRS) can be done 
non invasively and in-vivo [1].

Proton MR spectroscopy has become an invaluable tool in the 
field of neuro-oncology for the characterisation of brain tumours. 
However, 31-phosphorus MR spectroscopy is a less-exploited 
potential tool that can elucidate the bioenergetics of normal and 
pathological tissues in-vivo. The lower concentration of phosphorus 
metabolites compared to protons in water molecules [2], along with 
the Larmor frequency of 31-phosphorus being 15 times lower than 
that of protons [3] leads to reduced sensitivity of the MR spectrum, 

which has limited the utility of 31-phosphorus MR spectroscopy in 
clinical practice.

The advantages of 31-phosphorus MR spectroscopy include the 
natural 100% abundance of Phosphorus-31 Nuclear Magnetic 
Resonance (31-P NMR) nuclei compared to carbon-13 and 
oxygen-17, making it easily detectable in spectroscopy. The 31-P 
spectrum comprises only a few resonance peaks, allowing for 
precise quantification of metabolites. No suppression techniques 
are necessary, as is the case with proton spectroscopy, due to the 
absence of dominant water or fat signals. Additionally, the reduced 
T1 relaxation time of phosphate metabolites at higher field strengths 
enables 31-phosphorus MR spectroscopy to be performed with 
short Repetition Times (TR) [4,5].

The phosphorus metabolites detected from the spectra 
include Phosphocreatine (PCr), Inorganic Phosphate (Pi), 
Adenosine Triphosphate (ATP), Phosphomonoesters (PME), and 
Phosphodiesters (PDE) [Table/Fig-1]. Direct estimation of metabolite 
concentrations from the spectra can be challenging due to factors 
such as coil sensitivity, field inhomogeneity, and relaxation time [6]. 
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ABSTRACT
Introduction: The characterisation of brain tumours is 
predominantly based on Magnetic Resonance Imaging (MRI) 
for structural details and invasive histopathology for certainty. 
MR spectroscopy, a non invasive technique has provided 
access to the novel field of metabolomics in-vivo. Proton 
(H+) MR spectroscopy has gained unanimous acceptance as 
a neuroimaging technique. In addition, 31-Phosphorus MR 
spectroscopy provides insight into the energetics of normal and 
abnormal tissues.

Aim: To metabolically characterise brain tumours and compare 
them with normal brain parenchyma using 31-Phosphorus 
spectroscopy by obtaining applicable parameters for evaluation, 
diagnosis and grading of brain tumours.

Materials and Methods: This cross-sectional study was 
conducted at the Barnard Institute of Radiology, Madras 
Medical College, Chennai, Tamil Nadu, India, from December 
2019 to December 2021. The study included 32 patients 
diagnosed with brain tumours based on conventional MR 
imaging, followed by histopathology, and 10 normal healthy 
volunteers who underwent 31-Phosphorus MR spectroscopy 
using a customised birdcage 31-P dual-tuned head coil on a 
Siemens 3-Tesla MRI scanner (Rapid Biomedical, Wurzburg, 
Germany). The phosphorus metabolites and ratios analysed 
included Phosphodiesters {Glycerophosphoethanolamine 
(GPE) and Glyc erophosphocholine (GPC)}, Gamma Adenosine 

Triphosphate (γ-ATP), Phosphocreatine (PCr), and Inorganic 
Phosphate (Pi). The metabolite ratios assessed were GPC/GPE, 
GPC/Pi, GPC/PCr, GPC/γ-ATP, GPE/Pi, GPE/PCr, GPE/γ-ATP, 
PCr/Pi, PCr/γ-ATP, and Pi/γ-ATP. Additionally, pH was derived. 
The values were recorded within the tumour, in the peritumoural 
oedema, and in the normal-appearing contralateral brain 
parenchyma. These values were compared with each other and 
also with the brain parenchymal values of the controls. One-
way Analysis of Variance (ANOVA) was used to compare the 
metabolite ratios observed in various sites.

Results: The subjects included 13 females and 19 males, with 
a mean age of 41.7 years and 43.4 years respectively. A mild 
alkalinisation trend was observed within the brain tumours 
(pH 7.1±0.12) compared to the control group (7.05±0.02). 
Significantly increased GPE/γ-ATP and PCr/γ-ATP values, as 
well as significantly decreased PCr/Pi values, were observed 
within the tumour in comparison to the control group (p-value 
<0.05). Gliomas and metastases showed relatively higher pH 
compared to the controls (7.05±0.02). High-grade gliomas 
exhibited alkaline pH compared to low-grade gliomas, with a 
p-value of 0.000439. Significant differences were noted between 
gliomas and metastases compared to the control group.

Conclusion: A 31-Phosphorus MR spectroscopy has provided 
new insights into cellular metabolism in the pathological 
brain and has enhanced the understanding of the ongoing 
pathomechanisms in various brain tumours.
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The integral values and ratios undertaken for this study included 
Phosphodiesters (GPE and GPC), Gamma ATP (γ-ATP), 
Phosphocreatine (PCr), and Inorganic phosphate (Pi), with 
metabolite ratios namely GPC/GPE, GPC/Pi, GPC/PCr, GPC/γ-ATP, 
GPE/Pi, GPE/PCr, GPE/γ-ATP, PCr/Pi, PCr/γ-ATP, and Pi/γ-ATP 
calculated. In addition, pH was derived by exploiting the chemical 
shift difference between pH-dependent Inorganic Phosphate (Pi) 
and a pH-independent reference peak, which was Phosphocreatine 
(PCr), using two different Henderson-Hasselbalch equations [7-9].

pH= 6.66+log (δPi-3.08)

          5.57-δPi

pH= 6.77+log (δPi-3.29)

          5.68-δPi

δpi- difference in chemical shift of Pi and PCr

STATISTICAL ANALYSIS
The statistical analysis was conducted using IBM Statistical 
Package for the Social Sciences (SPSS) Statistics for Windows, 
version 23.0 (Armonk, NY: IBM Corp). Categorical variables were 
evaluated using frequency analysis and percentage analysis, 
while the mean and Standard Deviation (SD) were used to assess 
continuous variables. The Mann-Whitney U test was used to 
determine the significant difference between the high-grade and 
low-grade gliomas (7 cases of Grade 2 and 5 cases of Grade 4 
glioma). To compare metabolite ratios across various brain sites and 
with the controls, one-way ANOVA was utilised. A probability value 
of 0.05 was considered significant.

RESULTS
A total of 32 patients, which included 13 females and 19 males, 
with a mean age of 41.7 years and 43.4 years respectively, were 
subjected to the study. The histopathological composition of the 
study group comprised 12 cases of glioma, 11 cases of metastasis, 
3 cases of meningioma, 2 cases of ependymoma, and one case 
each of medulloblastoma, haemangioblastoma, oligodendroglioma, 
and pituitary macroadenoma. Representative images of pituitary 
macroadenoma and meningioma with the 31-P spectra are shown 
in [Table/Fig-2] and [Table/Fig-3a-c]. The control group comprised 
10 subjects with a mean age of 40.6 years.

[Table/Fig-2]: Case of pituitary macroadenoma with axial and sagittal chemical 
shift imaging of 31-P MR spectroscopy as well as the spectrum showing the distri-
bution of various phosphorus metabolites and their integral values within the lesion. 

[Table/Fig-1]: Spectral waveform and distribution of various phosphorus  
metabolites in the normal brain parenchyma using 31P-MR spectroscopy.
PE: Phosphomonoester; Pi: Inorganic phosphate; GPE: Glycerophosphoethanolamine and Glyc-
erophosphocholine (GPC)- Phosphodiesters, PCr-Phosphocreatine; ATP: Adenosine triphosphate

Hence, metabolite ratios are more commonly used in the evaluation 
of bioenergetics in both normal and pathological tissues.

The current study is aimed to obtain useful parameters from 31-
phosphorus MR spectroscopy for the characterisation of various 
brain tumours and to evaluate the metabolic differences in various 
regions of pathological and normal brain tissue for comparison.

MATERIALS AND METHODS
This cross-sectional study was undertaken at the Barnard Institute 
of Radiology, Madras Medical College, Chennai, Tamil Nadu, 
India, from December 2019 to December 2021. Local Institutional 
Ethical Committee approval was sought, and informed written 
consent was obtained from the study participants before the 31P-
MR spectroscopic examination. The study adhered to the revised 
Declaration of Helsinki 2013.

inclusion and exclusion criteria: Consecutive patients undergoing 
routine clinical brain MRI who were detected to have a brain tumour 
were included in the study and followed with histopathology. 
Patients with smaller lesions that could not be evaluated using MR 
spectroscopy, histopathologically confirmed non-tumourous lesions, 
lesions with a predominant cystic or haemorrhagic component, and 
post-radiation lesions were excluded from the study. Eventually, 
32 patients were included in the study. In addition, 10 healthy 
volunteers with no history of recent trauma, infarct, or migraine were 
also subjected to 31P-MR spectroscopy.

Study Procedure
MR spectroscopy and data acquisition: Conventional MRI was 
performed using the regular institutional protocol, followed by 31P-
MR spectroscopy conducted in a 3-Tesla MRI (Skyra, Siemens 
Healthineers, Erlangen, Germany) using a customised birdcage 
31P dual-tuned head coil (Rapid Biomedical, Wurzburg, Germany) 
equipped with quadrature polarisation capable of performing 1H 
decoupling. The coil used had an inner diameter of 26.5 cm and 
a housing length of 43 cm, weighing approximately 10 kg. For 31P 
spectroscopy, planning was done in a 3D Magnetic Resonance 
Spectroscopic Imaging (MRSI) sequence with full phase encoding, 
a flip angle of 90 degrees, a bandwidth of 1000 Hz, a repetition 
time of 1500 ms, an echo time of 2.3 ms, an acquisition delay of 
2.3 ms, and an acquisition duration of 512 ms. Post-processing 
was performed on the Siemens workstation Syngovia. The voxel 
of interest was selected with an extrapolated 8×8×16 matrix 
and a field of view of 230×230 mm2, resulting in a voxel size of 
40.0×40.0×25.0 mm3, and was placed in three selected areas of 
interest. The regions of interest for the study included contrast-
enhancing tumours, non enhancing peritumoural oedema, and 
contralateral normal-appearing brain parenchyma.
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[Table/Fig-7]: (a and b) Axial T1 Post contrast image shows heterogeneously en-
hancing lesion in the left temporoparietal region (Histopathologically proven Grade 4 
glioma) (c) Axial chemical shift imaging of 31-P MR spectroscopy and the spectrum 
showing the distribution of various phosphorus metabolites and their integral values 
within the lesion. Calculated ratios showed decreased values of GPE/γATP, PCr/Pi, 
PCr/γATP and increased values of Pi/γATP and GPC/Pi within the lesion compared 
to the controls.

[Table/Fig-3]: Histopatholoically proven case of transitional cell meningioma with 
(a & b) axial post contrast T1FS and 3D SPGR images showing homogenously 
enhancing extraaxial lesion from falx cerebri; (c) 31-P MR spectroscopy spectrum 
showing integral values of various phosphorus metabolites within the lesion.

Metabolite 
ratios

Lesion 
(n=32)

(Mean±SD)

Periphery 
(n=28) 

(Mean±SD)

Normal 
(n=30) 

(Mean±SD)

Control 
(n=10) 

(Mean±SD) p-value

GPC/GPE 2.2±2.5 2.2±4.0 2.9±1.2 0.9±0.3 0.464

GPC/Pi 1.3±0.9 1.7±1.5 2.2±1.3 0.7±0.2 0.031

GPC/PCr 1.4±0.4 2.2±0.63 2.5±0.67 2.0±0.4 0.871

GPC/ATP 1.5±0.7 2.0±0.5 2.3±0.57 3.0±0.6 0.822

GPE/Pi 0.9±0.5 1.7±0.1 1.4±0.9 1.4±0.5 0.167

GPE/PCr 1.1±0.4 2.7±0.61 1.1±0.3 4.3±1.6 0.021

GPE/ATP 1.3±0.9 2.9±0.63 1.3±0.9 6.3±1.9 0.001

PCr/Pi 2.1±1.4 2.6±2.1 3.1±2.4 0.3±0 0.002

PCr/ATP 0.9±0.4 0.9±0.3 0.9±0.3 1.5±0.2 0.0005

Pi/ATP 2.8±0.79 2.1±0.42 1.2±0.8 5.1±0.9 0.209

pH 7.12±0.12 7.07±0.07 7.04±0.06 7.06±0.03 0.233

[Table/Fig-4]: Mean values with SD as well as p-values of pH and metabolite 
ratios of 31-Phosphorus MR spectroscopy in regions of interest including lesion, 
periphery, normal contralateral brain parenchyma, and controls. (Comparison 
between groups was done using One-way ANOVA).
PE: Phosphomonoester; Pi: Inorganic phosphate; GPE: Glycerophosphoethanolamine; GPC: 
Glycerophosphocholine; PCr: Phosphocreatine; ATP: Adenosine triphosphate

Metabolite 
ratios

Control
(n=10)

Glioma
(n=12)

Metastasis
(n=11)

Meningioma
(n=3)

ependymoma
(n=2)

GPC/GPE 0.9±0.3 1.68±1.28 2.23±1.26 2.03±1.27 2.15±1.8

GPC/Pi 0.7±0.2 1.1±0.55 1.12±0.87 1.27±1.08 2.06±1.68

GPC/PCr 2.0±0.4 2.07±1.66 1.3±0.4 0.99±0.31 0.50±0.29

GPC/ATP 3.0±0.6 2.28±1.02 1.23±1.2 1.78±1.11 0.35±0.11

GPE/Pi 1.4±0.5 1.04±0.47 1±0.77 0.64±0.03 0.97±0.02

GPE/PCr 4.3±1.6 0.97±0.11 1.63±0.99 1.13±0.86 0.27±0.09

GPE/ATP 6.3±1.9 1.07±0.61 1.77±0.97 2.27±1.87 0.22±0.13

PCr/Pi 0.3±0 2.12±1.28 1.82±1.1 2.13±0.99 3.77±1.2

PCr/ATP 1.5±0.2 0.84±0.27 0.84±0.25 1.65±0.73 0.77±0.22

Pi/ATP 5.1±0.9 1.7±1.18 1.52±0.79 3.47±1.86 0.22±0.13

pH 7.06±0.03 7.11±0.09 7.1±0.09 7.04±0.07 7.19±0.09

[Table/Fig-5]: Mean pH and mean metabolite ratios (±SD) in control, glioma, 
metasatasis, meningioma and ependymoma groups. One-way ANOVA was used.

Metabolite ratios Grade 2 glioma Grade 4 glioma p-value

GPC/GPE 2±0.99 1.24±0.71 0.569

GPC/Pi 1.04±0.56 1.19±0.57 0.685

GPC/PCr 2.62±1.02 1.3±0.8 0.935

GPC/ATP 2.68±0.6 1.72±0.23 0.745

GPE/Pi 0.97±0.5 1.14±0.4 0.508

GPE/PCr 0.96±0.6 0.97±0.3 0.935

GPE/ATP 0.95±0.28 1.23±0.21 0.745

PCr/Pi 2.02±0.4 2.25±0.2 0.464

PCr/ATP 0.82±0.1 0.88±0.3 0.807

Pi/ATP 2.23±1.4 0.96±0.2 0.685

[Table/Fig-6]: Metabolite ratios in Grade 2 and Grade 4 gliomas with their p-values.
Mann-Whitney U test

The total scan time for 31-Phosphorus MR spectroscopy was about 
15 minutes, including localisation. GPE/γATP and PCr/γATP showed 
a significant increase within the lesion and in the contralateral 
normal-appearing brain parenchyma compared to the controls, 
with p-values of 0.001 and 0.0005, respectively [Table/Fig-4]. PCr/
Pi values were found to be very low in the control group compared 
to the lesion, periphery and the normal appearing brain parenchyma 
with a p value of <0.05 [Table/Fig-2] Increased ratio of Pi/ATP was 
observed within the normal cells compared to the tumour cells, but 
the difference was statistically insignificant.

Glioma: In glioma, the intracellular pH recorded was highest within 
the lesion (pH 7.11±0.09), with decreasing pH in the controls 
(7.06±0.03) [Table/Fig-5]. When comparing high-grade and low-grade 
gliomas, no significant differences could be observed in the metabolite 
ratios [Table/Fig-6]. A representative image of glioma is shown in [Table/
Fig-7]. However, an alkaline pH of 7.13 was observed in high-grade 
gliomas (n=7), compared to 7.05 in low-grade gliomas (n=5), with a 
significant p-value of 0.000439 [Table/Fig-8].

Metastasis [table/Fig-9a-c]: Integral value of γATP was significantly 
lower in brain metastasis compared to normal parenchyma. An 



Nivetha Kannan and Babu Peter Sathyanathan, Insight into the Bioenergetics of Brain Tumours using 31-P MRS www.jcdr.net

Journal of Clinical and Diagnostic Research. 2025 Jan, Vol-19(1): TC01-TC0644

found in this region. PME, consisting of Phosphoethanolamine (PE) 
and Phosphocholine (PC), represents the anabolic activity of cell 
membranes, as they are the precursors of membrane synthesis. 
PDE, constituted by Glycerophosphoethanolamine (GPE) and GPC, 
indicates the catabolism of cell membranes [11]. The ratio of PME 
to PDE is indicative of cell membrane turnover [12].

The three peaks of ATP, the molecular currency of intracellular 
energy transfer, fall to the right of PCr (γ-, α-, and β-ATP from left 
to right at -7.8, -16.3, and -2.7 ppm, respectively). ATP, comprising 
the phosphate groups namely the alpha (α), beta (β), and gamma 
(γ) phosphates, is typically related to adenosine nucleotide. Energy 
for anabolic reactions is driven by the hydrolysis of the gamma 
phosphate group on the ATP molecules. The gamma phosphate 
has a higher energy of hydrolysis than either the alpha or beta 
phosphate [13]. Thus, the γ phosphate group was taken up for the 
study.

intracellular ph: The 31-Phosphorus MR spectroscopy utilises the 
chemical shift difference between Pi and PCr, using Henderson-
Hasselbalch equation for the estimation of pH [7-9]. Contrary to the 
prevailing theory that tumour cells exhibit acidic pH due to increased 
production of lactic acid during anaerobic glycolysis, studies using 
31-P MR spectroscopy on brain tumours have demonstrated 
that the intracellular pH in these tumours is alkaline [14-16]. An 
alkaline pH is essential for the optimal functioning of various 
enzymes involved in the glycolytic pathway and also enhances key 
components of cellular proliferation, such as protein, Ribonucleic 
Acid (RNA), and Deoxyribonucleic Acid (DNA) synthesis. The 
alkaline environment within tumour cells is maintained by various 
transporters that move excess H+ ions into the extracellular space, 
thereby creating an extracellular acidic pH. This process enhances 
the invasiveness of tumour cells and promotes angiogenesis 
[14,17]. In coherence with many other similar studies [18-20], the 
present research demonstrated a tendency towards alkalinisation 
within tumour cells, with a mean pH of 7.1±0.12 compared to 
normal brain tissue.

The normal mean pH of healthy brain parenchyma was calculated 
to be 7.06±0.03, which corroborates with values from studies 
[7,21,22] but is relatively higher than those found in other studies 
[23-25], the mean of which was 7.005. Among all the tumours, 
the most alkaline pH was observed in ependymomas (7.19±0.09). 
Gliomas also exhibited an alkaline pH (7.12±0.09), similar to other 
studies [24,26] that reported values of 7.092±0.07 and 7.12±0.02, 
respectively. A gradual decrease in pH was observed within the 
peritumoural oedema and the contralateral normal brain. High-grade 
gliomas demonstrated a higher pH (7.13±0.06) compared to low-
grade gliomas (7.05±0.02), with a p-value of 0.000439. Although 
meningiomas showed an alkaline pH (7.05), it was lower compared 
to a study that reported a pH value of 7.16±0.03 [26]. Metastatic 
tumours exhibited a significantly higher pH (7.10) compared to 
the non pathological brain, which is consistent with findings from 
a study that reported a pH of 7.12±0.12 [21] and another study 
that reported a pH of 7.45±0.56 [22], although all studies were 
statistically insignificant. Cases of metastasis showed a spectrum 
of values ranging from acidic to alkaline pH, which could possibly 
reflect the varied nature of the primary malignancy [22].

Membrane phospholipids metabolism: Membrane phospholipids 
constitute the cell membrane and are involved in maintaining 
structural integrity, signal transduction mechanisms, regulation of 
cellular proliferation, and lipoprotein metabolism, thus playing a 
major role in tumourigenesis [27,28]. The fixed structural integrity 
of phospholipids precludes the direct estimation of membrane 
phospholipids; however, the measurement of precursors and 
degradation products becomes feasible with 31 Phosphorus 
MR spectroscopy [29,30]. Since various studies have shown the 
significant role of PME, the present study attempts to investigate 
the role of individual phosphodiesters, namely glycerol-3-

[Table/Fig-9]: a) Known case of primary lung carcinoma with Axial T1 post con-
trast image showing well-defined rim enhancing lesion in the region of right corona 
radiata (a & b) Axial chemical shift imaging; c) of 31-P MR spectroscopy and the 
spectrum showing the distribution of various phosphorus metabolites and their in-
tegral values within the lesion. Calculated ratios showed decreased values of GPE/
γATP, GPE/PCr, PCr/γATP, and Pi/γATP within the lesion compared to the controls.

alkalinisation tendency was observed within metastasis (pH 7.1±0.09) 
compared to controls (pH 7.06±0.03). Decreased metabolite ratios of 
GPE/γATP, GPE/PCr, PCr/γATP, and Pi/γATP were noted within the 
metastatic lesion in comparison to the control group.

DISCUSSION
31-Phosphorus spectra: 31-P MR spectroscopy provides three 
basic types of information, namely the energy pool—represented by 
PCr, Pi and three isotopomers of ATP; the synthesis and degradation 
of phospholipids, which constitute the cell membrane—represented 
by PME and phosphodiesters, respectively; and the quantification 
of intracellular pH and concentration of magnesium [10].

Due to the abundance of PCr in brain tissue, which leads to the 
dominant signal and relative stability, PCr is assigned a chemical shift 
of 0 ppm. PCr is a high-energy molecule indicative of mitochondrial 
oxidative capacity. To the left of PCr are inorganic phosphate and 
phospholipids. Inorganic phosphate, a compound directly involved in 
the synthesis of ATP, resonates at 6.5 ppm, while the phospholipids, 
including PME at 4.9 ppm and phosphodiesters at 2.6 ppm, are 

[Table/Fig-8]: Bar chart showing mean pH values of Grade 2 (7.05) and Grade 
4 glioma (7.13) with high-grade glioma demonstrating alkalinity with a significant 
p-value of 0.000439.
Mann-Whitney U test
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phosphoethanolamine and glycerol-3-phosphocholine, which 
contribute to cell wall structure. An increased concentration of 
these compounds indicates the presence of breakdown products 
of membrane metabolism. PME and PDE with respect to energy-
related metabolites (Pi, PCr, and ATP) reflect tumour growth and cell 
reproduction rates. The present study showed decreased values of 
GPE/ATP in brain tumours compared to normal brain, indicating an 
existing catabolic state.

Gliomas exhibited a decreased ratio of GPE/γATP, and metastatic 
tumours revealed reduced levels of GPE/γATP and GPE/PCr in 
comparison with normal brain parenchyma, implying a state of 
increased catabolism within tumour cells [20,31,32]. A decreased 
ratio of PDE/Pi was found within gliomas, although it was 
statistically insignificant [22,24]. In contrast, present study showed 
increased levels of GPC/Pi, which is one of the components 
of phosphodiesters, within gliomas compared to normal brain 
parenchyma. This possibly indicates varying roles of GPC and GPE, 
which need to be elucidated.

Cellular energy metabolism: Cellular energy metabolism is a major 
determinant of cellular proliferation and cell death [28,33]. ATP 
drives many important cellular processes, such as protein synthesis, 
synaptic signalling, active transport, and muscle contraction. The 
intracellular concentration of ATP remains relatively constant, as 
the rate of ATP generation is linked to the rate of ATP hydrolysis, 
indicating a high turnover [34]. Under normal conditions, ATP is 
generated predominantly from oxidative phosphorylation within the 
mitochondria and minimally from the process of glycolysis within 
the cytosol.

The ATP synthase is a transmembrane protein complex that permits 
protons to enter the intermembrane space through its concentration 
gradient and uses the released energy from the process of oxidative 
phosphorylation to synthesise ATP from Adenosine Diphosphate 
(ADP) and Inorganic Phosphate (Pi) [35]. In addition to oxidative 
phosphorylation, Creatine Kinase (CK) plays a key role in maintaining 
cellular energy homeostasis in many metabolically demanding 
tissues, such as muscle and brain.

During situations of high energy demand or reduced mitochondrial 
ATP generation, CK facilitates the rapid transfer of a high-energy 
phosphate group from PCr to ADP through a forward reaction. 
Consequently, PCr levels decline when ATP levels are minimal, 
such as during the early onset of heavy exercise and severe 
ischaemia. Therefore, PCr can be regarded as an energy reservoir 
that is important for maintaining ATP levels during physiological 
and pathological states. Contrary to the behaviour of normal cells, 
tumour cells have a higher demand for metabolic energy [22,26,33] 
and predominantly rely on the process of anaerobic glycolysis, even 
in the presence of adequate oxygen in the intracellular milieu [10,13]. 
The increased demand for ATP by tumour cells is met by increasing 
the transport of glucose into the cells and by accelerating glycolytic 
processes [15,17,28]. The present study showed a decreased PCr/
ATP ratio in tumour cells compared to normal brain tissue, indicating 
a negative energetic status within the tumour cells. The PCr/Pi ratio 
was also comparatively lower in tumour cells, depicting reduced 
oxidative capacity in comparison to the surrounding tissue and the 
contralateral normal brain, although this finding was not statistically 
significant in the present study. This is consistent with findings from 
other similar studies [20,22,31,32,36]. The lack of ATP causes CK 
to buffer ATP, resulting in a decrease in PCr and an increase in 
creatine and Pi. Hence, the Pi/ATP ratio can be used to represent 
ATP turnover. In line with this theory, brain tumours demonstrated 
highest values within the tumour compared to the contralateral 
normal-appearing brain parenchyma. Gliomas showed reduced 
levels of PCr/Pi and PCr/γATP and increased levels of Pi/ATP 
compared to normal brain parenchyma, implying increased energy 
expenditure and ATP turnover, coupled with decreased oxidative 
capacity and a negative energetic state of tumour cells, possibly 

due to the presence of necrosis within the tumour cells. High-grade 
and low-grade gliomas could not be differentiated based on their 
energetic status.

In the present study, metastatic tumours showed decreased integral 
values of γATP compared to the controls, with a p-value of 0.002, 
and also a decreased Pi/ATP ratio, which was contradictory to 
another study that reported a significant increase in Pi/ATP in the 
tumour group, including both glioma and metastasis (0.28±0.09) 
[21]. This discrepancy may indicate an increased propensity for 
necrosis. Reduced levels of PCr/γATP were observed in metastatic 
tumours, indicating a negative energetic state.

Limitation(s)
Fewer subjects were included, so definitive conclusions and their 
clinical roles could not be established. Smaller lesions, less than 
2 cm, cannot be subjected to 31 Phosphorus MR spectroscopy, 
and the increased time required, in addition to the conventional MR 
sequences, can be limiting, particularly in certain groups of patients. 
Further studies are needed to establish the role of 31-Phosphorus 
MR spectroscopy as a complementary tool in the evaluation of 
brain tumours, particularly in cases of uncertainty and in patients 
with chronic renal diseases where contrast studies may be 
contraindicated. The main limitation of 31-phosphorus spectroscopy 
is the limited availability of 31-phosphorus coils due to their extreme 
cost, which hinders further research and clinical utility.

CONCLUSION(S)
A 31-Phosphorus MR Spectroscopy appears to be a powerful 
non invasive tool in the study of energy metabolism in both normal 
and pathological brains, thus providing a new perspective in the 
field of metabolomics. Additionally, it can be used in the follow-
up of treatment responses and in exploring future dimensions in 
targeted treatment of brain tumours. The intracellular pH of brain 
tumours showed alkalinisation and was also found to be helpful 
in differentiating high-grade from low-grade gliomas. Metabolite 
ratios such as GPE/γATP and PCr/γATP were found to be useful in 
differentiating various tumours, similar to other studies. The present 
study has raised the possibility of varying roles of GPC and GPE, 
which need further elucidation. Metabolic differences existed in 
regions of brain distant from the brain tumour which appear normal 
on imaging in our study reflecting the biochemical alterations in the 
whole brain.

REFERENCES
 Griffin JL. Shockcor JP. Metabolic profiles of cancer cells. Nat Rev Cancer. [1]

2004;4:551-61.
 Bogner W, Chmelik M, Schmid AI, Moser E, Trattnig S, Gruber S. Assessment of [2]

31P relaxation times in the human calf muscle: a comparison between 3 T and 7 
T in vivo. Magnetic Resonance in Medicine: An Official Journal of the International 
Society for Magnetic Resonance in Medicine. 2009;62(3):574-82.

 Qiao H, Zhang X, Zhu XH, Du F, Chen W. In vivo 31P MRS of human brain [3]
at high/ultrahigh fields: a quantitative comparison of NMR detection sensitivity 
and spectral resolution between 4 T and 7 T. Magnetic Resonance Imaging. 
2006;24(10):1281-86.

 Liu Y, Gu Y, Yu X. Assessing tissue metabolism by phosphorous-31 magnetic [4]
resonance spectroscopy and imaging: a methodology review. Quantitative 
Imaging in Medicine and Surgery. 2017;7(6):707.

 Roth K, Hubesch B, Meyerhoff DJ, Naruse S, Gober JR, Lawry TJ, et al. [5]
Noninvasive quantitation of phosphorus metabolites in human tissue by NMR 
spectroscopy. Journal of Magnetic Resonance (1969). 1989;81(2):299-311.

 Moshkova AN, Khvatova EM, Rusakova IA. Analysis and prediction of ATP [6]
concentration in the animal brain under hypoxic conditions. Neurochemical 
Journal. 2009;3(1):44-48.

 Cichocka M, Kozub J, Urbanik A. PH measurements of the brain using phosphorus [7]
magnetic resonance spectroscopy (31PMRS) in healthy men–comparison of two 
analysis methods. Polish Journal of Radiology. 2015;80:509.

 Naressi A, Couturier C, Castang I, De Beer R, Graveron-Demilly D. Java-based [8]
graphical user interface for MRUI, a software package for quantitation of in vivo/
medical magnetic resonance spectroscopy signals. Computers in Biology and 
Medicine. 2001;31(4):269-86.

 Zhang X, Lin Y, Gillies RJ. Tumour pH and its measurement. Journal of Nuclear [9]
Medicine. 2010;51(8):1167-70.



Nivetha Kannan and Babu Peter Sathyanathan, Insight into the Bioenergetics of Brain Tumours using 31-P MRS www.jcdr.net

Journal of Clinical and Diagnostic Research. 2025 Jan, Vol-19(1): TC01-TC0666

PaRtiCuLaRS OF CONtRiButORS:
1. Assistant Professor, Department of Radiodiagnosis, Madras Medical College, Chennai, Tamil Nadu, India.
2. Head, Department of Radiodiagnosis, Madras Medical College, Chennai, Tamil Nadu, India.

PLaGiaRiSM CheCKiNG MethODS: [Jain H et al.]

•  Plagiarism X-checker: Sep 11, 2023
•  Manual Googling: Oct 06, 2024
•  iThenticate Software: Oct 08, 2024 (8%)

NaMe, aDDReSS, e-MaiL iD OF the CORReSPONDiNG authOR:
Dr. Babu Peter Sathyanathan,
Head, Department of Radiodiagnosis, Madras Medical College, Chennai-600003, 
Tamil Nadu, India.
E-mail: drbabupeter@gmail.com

Date of Submission: Sep 05, 2023
Date of Peer Review: Dec 07, 2023
Date of Acceptance: Oct 10, 2024

Date of Publishing: Jan 01, 2025

authOR DeCLaRatiON:
•  Financial or Other Competing Interests:  None
•  Was Ethics Committee Approval obtained for this study?  Yes
•  Was informed consent obtained from the subjects involved in the study?  Yes
•  For any images presented appropriate consent has been obtained from the subjects.  Yes

etyMOLOGy: Author Origin

eMeNDatiONS: 7

 Komoroski RA, Pearce JM, Mrak RE. 31P NMR spectroscopy of phospholipid [10]
metabolites in postmortem schizophrenic brain. Magnetic Resonance in 
Medicine: An Official Journal of the International Society for Magnetic Resonance 
in Medicine. 2008;59(3):469-74.

 Cadoux-Hudson TA, Blackledge MJ, Rajagopalan B, Taylor DJ, Radda GK. [11]
Human primary brain tumour metabolism in vivo: a phosphorus magnetic 
resonance spectroscopy study. British Journal of Cancer. 1989;60(3):430-36.

 Ha DH, Choi S, Oh JY, Yoon SK, Kang MJ, Kim KU. Application of 31P [12]
MR spectroscopy to the brain tumours. Korean Journal of Radiology. 
2013;14(3):477-86.

 Berg JM, Tymoczko JL, Stryer L. Biochemistry (Loose-Leaf). Macmillan; 2007.[13]
 Beloueche-Babari M, Chung YL, Al-Saffar NM, Falck-Miniotis M, Leach MO. [14]

Metabolic assessment of the action of targeted cancer therapeutics using magnetic 
resonance spectroscopy. British Journal of Cancer. 2010;102(1):01-07.

 DeBerardinis RJ, Lum JJ, Hatzivassiliou G, Thompson CB. The biology of [15]
cancer: metabolic reprogramming fuels cell growth and proliferation. Cell Metab 
2008;7(1):11-20.

 Aisen AM, Chenevert TL. MR spectroscopy: clinical perspective. Radiology. [16]
1989;173(3):593-99.

 de Souza AC, Justo GZ, de Araújo DR, Cavagis AD. Defining the molecular [17]
basis of tumour metabolism: A continuing challenge since Warburg’s discovery. 
Cellular Physiology and Biochemistry. 2011;28(5):771-92.

 Golder W. Magnetic resonance spectroscopy in clinical oncology. Oncology [18]
Research and Treatment. 2004;27(3):304-09.

 Kerschbaumer J, Pinggera D, Steiger R, Rietzler A, Wöhrer A, Riedmann M, et al. [19]
Results of phosphorus magnetic resonance spectroscopy for brain metastases 
correlate with histopathologic results. World Neurosurgery. 2019;127:e172-78.

 Dudley J, Chu WJ, Fugate EM, Lee JH. Tissue dependent metabolism in the [20]
human brain suggested by quantitative phosphorus-31 MRSI. J Spectrosc Dyn. 
2014;4:19.

 Peter SB, Nandhan VR. 31-Phosphorus magnetic resonance spectroscopy in [21]
evaluation of glioma and metastases in 3T MRI. Indian Journal of Radiology and 
Imaging. 2021;31(04):873-81.

 Kamble RB, Shivashankar R. Energy status and metabolism in intracranial space [22]
occupying lesions: a prospective 31p spectroscopic study. Journal of Clinical 
and Diagnostic Research: JCDR. 2014;8(11):RC05.

 Albers MJ, Krieger MD, Gonzalez-Gomez I, Gilles FH, McComb JG, Nelson Jr [23]
MD, et al. Proton-decoupled 31P MRS in untreated pediatric brain tumours. 
Magnetic Resonance in Medicine: An Official Journal of the International Society 
for Magnetic Resonance in Medicine. 2005;53(1):22-29.

 Walchhofer LM, Steiger R, Rietzler A, Kerschbaumer J, Freyschlag CF, [24]
Stockhammer G, et al. Phosphorous magnetic resonance spectroscopy to detect 
regional differences of energy and membrane metabolism in naïve glioblastoma 
multiforme. Cancers. 2021;13(11):2598.

 Hubesch B, Sappey-Marinier D, Roth K, Meyerhoff DJ, Matson GB, Weiner MW. [25]
P-31 MR spectroscopy of normal human brain and brain tumours. Radiology. 
1990;174(2):401-09.

 Maintz D, Heindel W, Kugel H, Jaeger R, Lackner KJ. Phosphorus-31 MR [26]
spectroscopy of normal adult human brain and brain tumours. NMR in 
Biomedicine: An International Journal Devoted to the Development and 
Application of Magnetic Resonance In Vivo. 2002;15(1):18-27.

 Hsu PP, Sabatini DM. Cancer cell metabolism: Warburg and beyond. Cell. [27]
2008;134(5):703-07.

 Marie SK, Shinjo SM. Metabolism and brain cancer. Clinics. 2011;66:33-43.[28]
 Delikatny EJ, Chawla S, Leung DJ, Poptani H. MR-visible lipids and the tumour [29]

microenvironment. NMR in Biomedicine. 2011;24(6):592-611.
 Puri BK, Treasaden IH. The use of 31-Phosphorus magnetic resonance [30]

spectroscopy to study brain cell membrane motion-restricted phospholipids. 
Neuroimaging–Methods. 2012:205.

 Smith SR, Martin PA, Edwards RH. Tumour pH and response to chemotherapy: [31]
an in vivo 31P magnetic resonance spectroscopy study in non-Hodgkin’s 
lymphoma. The British Journal of Radiology. 1991;64(766):923-28.

 Podo F. Tumour phospholipid metabolism. NMR in Biomedicine: An International [32]
Journal Devoted to the Development and Application of Magnetic Resonance In 
Vivo. 1999;12(7):413-39.

 Solivera J, Cerdan S, Pascual JM, Barrios L, Roda JM. Assessment of 31P-[33]
NMR analysis of phospholipid profiles for potential differential diagnosis of 
human cerebral tumours. NMR in Biomedicine: An International Journal 
Devoted to the Development and Application of Magnetic Resonance In vivo. 
2009;22(6):663-74.

 Andrade CS, Otaduy CG, Park EJ, Leite CC. Phosphorus-31 MR spectroscopy [34]
of the human brain: Technical aspects and biomedical applications. International 
Journal of Current Research and Review. 2014;6(9):41.

 Olah J, Klivenyi P, Gardian G, Vécsei L, Orosz F, Kovacs GG, et al. Increased [35]
glucose metabolism and ATP level in brain tissue of Huntington’s disease 
transgenic mice. The FEBS journal. 2008;275(19):4740-55.

 Arnold DL, Shoubridge EA, Feindel W, Villemure JG. Metabolic changes in [36]
cerebral gliomas within hours of treatment with intra-arterial BCNU demonstrated 
by phosphorus magnetic resonance spectroscopy. Canadian Journal of 
Neurological Sciences. 1987;14(4):570-75.

http://europeanscienceediting.org.uk/wp-content/uploads/2016/11/ESENov16_origart.pdf

