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Abstract: 

Background: Background: Proton magnetic resonance spectroscopy (1H MRS) is one analytic method that 

simplifies the identification and quantification of metabolites present in samples. MRS spectra provide 

physiological and chemical information, in contrast to traditional Magnetic Resonance Imaging (MRI) that 

primarily focuses on anatomical characteristics. This imaging type not only desirable provides monitoring 

during treatment, but also provides significant details concerning characteristics, grades and trajectories of 

brain tumors. MRS typically requires the averaging of several spectra over a long acquisition time to create a 

single spectrum. This is necessary because of the complex shapes of the spectra and the relatively low 

concentrations of a number of brain metabolites, which result in a low signal-to-noise ratio (SNR) in a living 

brain assessment. Objective: This study evaluated how multivoxel MRS data was collected and processed by 

calculating the areas below various peaks, and comparing their findings against data obtained directly from the 

1H-MRS machine. 

Objective: By computing the regions beneath different peaks and contrasting these results with measurements 

taken straight from the 1H-MRS machine, this research examines the collection and processing of multivoxel 

MRS data. It includes measurements of the ratios of creatine (Cr), choline (Cho), and N-acetylaspartate (NAA) 

in tumor tissue from a patient who had radiation therapy as well as in healthy brain tissue from a control 

subject. 

Materials and Methods: To generalize a single voxel MR spectroscopy, a larger volume of interest is selected, 

utilizing phase encoding to locate a one-, two-, or three-dimensional array of voxels, with Stimulated Echo 

Acquisition Mode (STEAM) and Point Resolved Spectroscopy (PRESS) being the primary selection methods; 

PRESS is preferred for its higher signal-to-noise ratio. The MRS data is processed using Fourier 

transformations and apodization to analyze spectral arrays, allowing for quantitative measurement or 

graphical evaluation of metabolite spatial distribution. K-space free induction decays undergo apodization 

followed by Fourier transformation to recreate spatial dependence, with data re-gridding for spiral or irregular 

sampling; phase-weighting aligns the k-space array for accurate spatial centering, followed by spatial Fourier 

transformations and necessary apodization, while addressing baseline fluctuations and frequency-phase defects 

in the spectral array. 

Results: The findings show an elevated relationship between the computed values based on the spectra and the 

measurements taken straight from the MRS equipment. As of now, this practice has been implemented to ensure 

that the estimated spectra will correlate to the direct measures given from the MRS machine. In this way the 

determination of little changes in metabolites due to therapy, and during follow-up assessments, is justified. 

Conclusion: Tumor classification can be improved when high-quality anatomical MR imaging is accompanied 

with the artifacts from Magnetic Resonance Spectroscopy (or MRS). The fused datasets can successfully inform 

biological therapies, inform targeted radiation, direct biopsy or surgical intervention, and promote the 

understanding of therapeutic success and adverse event or outcomes. The ability of MRS to detect and evaluate 

little changes in metabolites during therapy, and follow-up time, articulates its relevancy in the continued 

assessment and management of neuronal-based tumors. 
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I. Introduction 
Magnetic Resonance Spectroscopy (MRS) is a strong, non-invasive imaging modality that can provide 

information about the biochemical makeup of tissues, especially in the brain. While traditional Magnetic 
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Resonance Imaging (MRI) focuses mainly on anatomical structures, MRS is able to identify and quantify 

different metabolites within the brain. This makes MRS an inherently useful tool in both clinical and research 

contexts, particularly for monitoring brain metabolism in various neurological processes [1-4]. 

MRS is a method based on principles similar to MRI, and it uses magnetic fields and radio waves to 

probe the chemical surroundings of certain atomic nuclei in molecules. Hydrogen (1H), phosphorus (31P) and 

carbon (13C) are the types of nuclei that are most often analyzed via MRS. Like MRI, MRS analyzes the 

resonance frequency of these nuclei, which depends on the local conditions in the tissue and their molecular 

structure [5, 6]. Each nucleus has a distinctive resonance frequency while being immersed in a magnetic field, 

which can be detected for analysis and translated into spectra. The spectra detail the concentration of specific 

macromolecules and metabolites in the brain, such as N-acetylaspartate (NAA), choline, creatine and lactate. 

Each metabolite is a marker for unique metabolic processes and health of the brain cells. [7]. 

A collection of resonances (peaks) spaced along the x-axis and designated in parts per million (ppm) 

make up the proton MR spectrum. Usually, an arbitrary scale is used to measure the resonances' amplitude on 

the y-axis. When shown in ppm (figure 1), three notable peaks are constantly observed: N-acetyl aspartate 

(NAA) at 2.02, creatine (Cr) at 3.02, and choline (Cho) at 3.2. The relative heights of the resonances can vary 

based on different MR imaging parameters, even while their positions along the x-axis remain constant [8]. 

MRS has been widely recognized by researchers in studying various neurological conditions, including 

Alzheimer's disease, multiple sclerosis, epilepsy, and brain tumors. This ability to visualize metabolic changes 

in real-time allows the clinician to observe important information about disease progression and treatment 

outcome(s)[1, 2, 6, 9]. 

 

Alzheimer's Disease: MRS in patients diagnosed with Alzheimer's disease show decreased levels of NAA, 

which is an indicator of neuronal loss and dysfunction. Above normal choline levels may be representative of 

evidence of increased membrane turnover, as a consequence of active neuroinflammation or demyelination. 

 

Multiple Sclerosis: MRS can distinguish between active and chronic lesions in multiple sclerosis by observing 

alterations in metabolite concentrations; for example, elevated myo-inositol may indicate the presence of 

neuroinflammation and/or glial cell activation. 

 

Epilepsy: MRS can help localize metabolic derangements around seizure foci and any associated epileptic foci. 

For example, elevated lactate levels may indicate hypoxia or an energy crisis in that area of the brain. Brain 

tumors: MRS is also helpful for characterizing brain tumors. Elevated choline may signal cellular turnover and 

malignancy, whereas different levels of NAA may indicate the integrity of neuronal function around the tumor. 

In addition to clinical utility, MRS scans are of value to researchers. MRS can help neuro to study the metabolic 

pathways in the brain, and their relationships with cognition, behavior, and different varieties of psychiatric 

disorder [10]. For example, researchers could use MRS to study the changes in metabolite levels correlated with 

cognitive decline in the elderly population, or some other intervention on brain metabolism. While MRS can 

offer information that is not available from other modalities, there are many technical issues that must be 

addressed in order to achieve valid results. The magnetic field strength, the location of the voxel (a three-

dimensional pixel required to analyze the brain tissue), and the choice of pulse sequences are all important 

considerations to optimize both spectral resolution and sensitivity. In addition, issues with motion of the patient 

and inhomogeneities in the magnetic field of the MRS scanner can all negatively impact MRS data quality [1, 3, 

7, 9]. 

MRS is a field at a constant state of change, as technical developments and advancements in analytical 

techniques will further the potential of MRS. Newer magnetic field strengths, more sophisticated pulse 

sequences, and more advanced post-processing may improve the reliability and resolution of MRS data. 

Additionally, advancements in the combination of MRS with other imaging modalities, including MRI and 

positron emission tomography (PET), should offer greater potential for a global understanding of brain 

metabolism and implications for health and illness [11, 12]. 

This is an exploratory study to evaluate the utility of MRI Spectroscopy (MRS) in assessing the 

treatment response of patients with brain cancers to radiation therapy. To this end, we developed and analyzed 

two quantitative methods to extract and quantify the six primary metabolites resonances in multi-voxel MR 

spectra from brain tumors at a long echo time (144ms). We measured and compared metabolite values across a 

number of patient voxels to create a calibration technique to assess and validate data reported by the MRS 

machine. This work will continue development of personalized treatment regimens and broaden explanations of 

how treatment impacts metabolism. 
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II. Material And Methods 
In terms of generalising a single voxel MR spectroscopy, we begin by selecting a larger volume of 

interest (VOI) and then locating a one-, two- or three-dimensional array of voxels using phase encoding. The 

two most common techniques for selecting volume are called Stimulated Echo Acquisition Mode (STEAM) and 

Point Resolved Spectroscopy (PRESS). When capable, PRESS is usually the method of choice based on its 

higher signal-to-noise ratio [13]. The MRS data is then converted with Fourier transformations and apodization 

using automated spectrum processing approaches. This enabled us to recover the MRS data we coded, and 

analyze the resulting spectral arrays. That is, we generated data that we could quantify, or plot to show the 

spatial distribution of metabolites [14]. The k-space free induction decays are first applied to an apodization 

function, and k-space spectra can then be obtained by a Fourier transform. The spatial dependence of the data is 

then reconstructed. In spiral or irregular k-space sampling cases, the k-space data is first re-gridded to a 

rectangular array, while this step is not necessary in traditional phase encoding cases. The k-space array can be 

appropriately centered about the desired spatial point by phase-weighting the k-space array with the voxel shift. 

After that, spatial Fourier transformations are performed, and appropriate spatial apodization is applied. The 

resulting spectral array will usually show spatially dependent frequency and phase imperfections, along with 

baseline fluctuations primarily due to residual water, that require correction [15, 16]. 

 

III. Result 
The metabolites are dispersed between the resonance frequencies of 63 MHz and 64 MHz in a proton 

spectrum at 1.5 T. Metabolites can be depicted on a spectral line in parts per million (ppm) as an alternative to 

resonance frequencies. N-acetyl aspartate (NAA), for example, is ranked at 2.0 ppm on the scale and is the 

second most common metabolite in the human central nervous system (CNS) [17]. 

Protons in different molecules resonate at slightly different frequencies due to the influence of the 

electron cloud surrounding each proton within the voxel. To isolate individual frequencies from the signal, a 

Fourier transform is employed[18]. It is well established that magnetic resonance spectroscopy (MRS) imaging 

derives its signals from all protons in the tissue. However, the signals from fats and water are significantly 

larger, which can render metabolites undetectable. Eliminating the signals from lipids and water is essential in 

MRS. By placing the MRS voxel in the brain away from regions with bone marrow and scalp fats, this can be 

accomplished [19]. 

Important metabolites in a normal grey matter and white matter MRS spectrum include NAA, creatine, 

and choline. The main difference between the two spectra is that there is more creatine in the grey matter [20]. 

Examining metabolite ratios, particularly NAA/Cho, NAA/Cr, and Cho/Cr, is a common step in clinical 

spectrum analysis. The absolute concentrations of metabolites can be precisely determined by incorporating a 

known reference (normal voxel) into the MR spectral data gathering process. 

Two methods are used to reduce the water effect in the brain: inversion recovery (IR) and chemical-

shift selective (CHESS) [21]. Both techniques can be applied to stimulated echo acquisition mode (STEAM) or 

point-resolved spectroscopy (PRESS) pulse sequences. The STEAM pulse sequence collects signals that mimic 

a gradient echo, but at the cost of a worse signal-to-noise ratio, thanks to its 90º refocusing pulse and shorter 

echo lengths. 

The PRESS pulse sequence, on the other hand, uses a 180º refocusing pulse to collect signals. Our data 

can be displayed using two methods: chemical shift imaging, also called multi-voxel MRS, and spectroscopic 

imaging, which displays data as an image where signal strength relates to the concentration of specific 

metabolites. 

Echo time, like its effect in MRI, has a substantial impact on the information collected through MRS. 

Since a single voxel, short TE method has a good signal-to-noise ratio and can represent all metabolites, it is 

typically used for early diagnosis [22]. Long, multi-voxel TE methods are used to assess the brain parenchyma 

surrounding or next to a mass and to further characterize various areas of the mass.  These methods are also 

employed to examine tumor recurrence and evaluate therapy response. Metabolites with short and long T2 

relaxation durations are detected with a short TE of 30 ms. On the other hand, only metabolites with long T2 

relaxation durations are detected at a long TE of 270 ms, which leads to a spectrum that mostly contains NAA, 

creatine, and choline. Since it inverts lactate at 1.3 ppm, 144 ms is an additional helpful TE. 

Magnetic Resonance Spectroscopy (MRS) reveals brain metabolites at certain parts per million (ppm), 

each of which represents a unique cellular and metabolic function [19]. Choline levels, for instance, are 

frequently higher in tumors and inflammatory diseases and signify accelerated cellular turnover. Creatine is a 

measure of energy reserves. Any condition that impairs neuronal integrity causes N-acetyl aspartate (NAA), a 

measure of neuronal health, to decline. Although MRS metabolites offer valuable information, brain MR 

spectra do not show many major metabolites. Notably, there is a lack of DNA, RNA, the majority of proteins, 

enzymes, phospholipids, and neurotransmitters like acetylcholine, dopamine, and serotonin. Either low 

concentrations or the molecules' opacity to MRS could be the cause of this absence. 
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Multi-voxel spectroscopy is especially useful for detecting the infiltration of cancerous cells outside of 

tumors' enhancing borders. Elevated choline levels are frequently observed in edematous areas of the brain 

surrounding the augmenting mass in cases of cerebral glioma. For precise malignancy grading, MRS can direct 

surgeons to the tumor's most metabolically active regions for biopsy. 

Distinguishing tumor recurrence from radiation effects months after surgery and radiation therapy is a 

frequent clinical difficulty. While radiation changes usually show low NAA, creatine, and choline levels on 

spectroscopy, elevated choline levels are suggestive of recurring malignancies. Primary and secondary brain 

cancers may not always be easily distinguished by MRS. In addition to having very low creatine and high 

glutamate levels, the majority of non-glial tumors show little to no NAA. 

Elevated choline that extends past the enhancement margin and indicates tumor infiltration into nearby 

brain tissue is a crucial feature of gliomas. Increased lipids and lactate may be seen in the spectrum if radiation 

necrosis takes place.   

While the resonance linked to choline (Cho) includes signals from choline, phosphocholine (PC), and 

glycerolphosphocholine (GPC), which function as indicators of cell density and integrity, creatine (Cr) is 

involved in energy metabolism [23]. 

Since glial cells contain the majority of these metabolites, they are crucial markers of glial 

proliferation. Signals from N-acetyl aspartate and N-acetyl aspartate glutamate, which are indicators of healthy 

neurons, are included in the resonance associated with NAA. In addition to being a neurotransmitter, glutamate 

(Glu) plays a role in the metabolism of oxidative energy. 

The brain contains a variety of macromolecules and lipids in addition to the distinct and noticeable 

resonances of these metabolites. These macromolecules' and lipids' low T2 relaxation times provide the 

impression that their signals are broad. 

 

Examinations of individuals who have undergone radiation therapy 

Patients who have had several radiation sessions are examined in this study. The degree of tumor 

malignancy is assessed by Magnetic Resonance Spectroscopy (MRS). Generally speaking, choline, lactate, and 

lipid levels tend to rise as the degree of malignancy grows, whereas N-acetylaspartate (NAA) and creatine 

levels noticeably drop. Tumor growth is thought to be the cause of the decrease in NAA since it pushes out or 

kills nearby neurons. Increased metabolic activity in highly malignant tumors causes energy resources to be 

depleted, which lowers creatine levels. 

Choline levels are higher in highly cellular tumors that grow quickly. Furthermore, lipids are 

frequently detected in necrotic areas of tumors, and when tumors grow too large for their blood supply and start 

using anaerobic glycolysis as a source of energy, lactate levels increase. The placement of the spectroscopic 

voxel over an enhancing portion of the tumor is essential for an accurate assessment of tumor chemistry. For 

accurate results, stay away from areas with necrosis, bleeding, calcification, or cysts [24]. 

The differences between calculated and measured brain metabolites derived from MRS are shown in 

Table 1 below. Nuclear magnetic resonance imaging was used to identify the tumor, as shown in Figure 2. 

While voxel number 16 represents normal tissue, voxels 5, 8, 9, 11, and 12 are found inside the tumor. 

Significant variations in metabolite levels can be seen by examining the percentages in these various regions. 
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According to data from Magnetic Resonance Spectroscopy (MRS), the ratios of N-acetylaspartate to 

creatine (NAA/Cr), N-acetylaspartate to choline (NAA/Cho), and choline to creatine (Cho/Cr) for voxel 5 are 

1.774, 1.95689, and 0.90654, respectively, in Figure 2. As can be seen in Figure 3, the NAA/Cr, NAA/Cho, and 

Cho/Cr ratios are 1.7737, 1.95698, and 0.90635, respectively, and are remarkably similar to those determined 

from the spectrum. 

A high level of measurement reliability is shown by the low standard deviation, which shows that the 

data points are tightly packed around the mean (anticipated value). For the normal voxel 16, on the other hand, 

the computed values are 1.47142, 2.47912, and 0.59352, respectively, whereas the MRS-derived values are 

1.47146, 2.48128, and 0.59302. The intrinsic complexity of the data is reflected in this little discrepancy 

between the MRS results and the computed values, emphasizing the necessity of cautious interpretation in 

clinical applications. 

. 

 
Figure 2: An illustration of the metabolic ratios for voxels 5 and 16.  Both pieces of information were acquired 

straight from MRS. The gray columns represent aberrant voxel 5, while the white columns represent normal 

voxel. 
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Figure 3: An illustration of the metabolic ratios for abnormal voxels and normal. MRS spectra are used to 

calculate both data. The gray columns represent abnormal voxel, while the white columns represent normal 

voxel. 

 

The values derived from the spectra of choline (Cho), creatine (Cr), and N-acetylaspartate (NAA) in 

voxel 5 and the data acquired from Magnetic Resonance Spectroscopy (MRS) in Figure 4 coincide well. Cho, 

Cr, and NAA have MRS values of 11737, 12947, and 22968, respectively. The computed values from the 

spectrum, which are 11739, 12952, and 22973 correspondingly, roughly match these values. Interestingly, the 

standard deviation is extremely low and the discrepancies between these measurements are negligible, 

suggesting that the data is highly precise. 

The MRS readings for the normal voxel 16 in Figure 5, on the other hand, are 6171 for Cho, 10406 for 

Cr, and 15312 for NAA. The comparable computed values, which are 6178, 10409, and 15316, respectively, are 

marginally higher. The accuracy of the spectrum analysis and the dependability of the measurements are 

demonstrated by the consistency of the MRS and computed values in both voxels. 

 

 
Figure 4: A plot of the metabolic intensities of NAA, Cr, and Cho is shown. The gray columns represent values 

that were received directly from MRS for the same abnormal voxel, while the white columns represent 

computed values for the same abnormal voxel. 
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Figure 5: A plot of the metabolic intensities of NAA, Cr, and Cho is shown. The gray columns represent values 

that were received directly from MRS for the same abnormal voxel, while the white columns represent 

computed values for the same abnormal voxel. 

 

After two months of radiation treatment, the patient had a Magnetic Resonance Spectroscopy (MRS) 

follow-up. The same methodology used in earlier evaluations was applied to the analysis of the data gathered 

from MRS. Table 2 displays the MRS analysis's findings along with the computed data. 

The peaks for lactate (Lac) and lipids (Lip) were found to be substantially greater following radiation 

therapy than they were prior to treatment. Elevated levels of choline (Cho), a known indicator of rapid cell 

proliferation, are commonly observed in malignancies. As a result, Cho concentration is thought to be a useful 

marker for evaluating early reactions after radiation treatment. 

The N-acetyl-aspartate (NAA) to creatine (Cr) ratio decreased statistically significantly in in vivo MRS 

tests on patients who had received radiation therapy for brain tumors, while the choline to creatine (Cr) and 

choline to NAA ratios increased. Tumors with a high degree of malignancy are generally linked to elevated 

lactate (Lac) levels. Furthermore, there might be a lot of variation in the Cho to NAA ratio within tumor tissue. 

Across all tumor types, a decline in N-acetyl-aspartate (NAA) signal intensity is typically observed. A 

quantitative indicator of the tissue concentration of the particular molecule in the measured volume is the area 

beneath the resonance peak. 
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Figure 6: Cho, Cr, and NAA metabolic intensities plotted before and after radiation treatments. The gray 

columns represent values that were received directly from MRS for the same normal voxel 5, while the white 

columns represent computed values for the same normal voxel 5. 

 

Figure 6 displays the metabolic intensity of choline (Cho), creatine (Cr), and N-acetylaspartate (NAA) 

before and after radiation therapy sessions. It was demonstrated that following radiation treatment, the level of 

Cho increased while the amount of NAA decreased. There is good agreement between the MRS data and the 

calculated spectra for Cho, Cr, and NAA.  In vivo magnetic resonance (MR) spectroscopy of individual voxels 

within the tumour core has been used to establish specific MR spectral patterns for various tumour types. The 

average metabolite profiles derived from short and long echo-time MR spectra clearly show that benign brain 

tissue and tumours have different profiles. 

A reduction in NAA concentration is commonly associated with the loss of neuronal integrity because 

NAA is a marker for healthy neurones and is absent from tumour tissue. However, lipid levels are typically 

higher in tumours with necrotic tissue, which are brought on by the disintegration of cellular membranes due to 

cell death. 

Tumour grade is known to be associated with metabolic changes. Because choline levels, in particular, 

are associated with cell proliferation, the relationship between metabolite levels and tumour malignancy grade 

has been studied. Tumour cells often exhibit increased rates of proliferation. Research indicates that myo-

inositol and choline levels are higher in tumours with a higher malignancy grade. Although the amount of 

glycine has also been linked to tumour grade, its precise role in brain tumours has not been thoroughly studied. 

Another significant characteristic of malignant tumours is lipid accumulation, which is brought on by 

necrosis. Necrosis and other malignant traits have been associated with lipid levels.  

Numerous studies have connected the presence of tumour cells in surrounding brain tissue to 

metabolite levels. In order to do this, differences from specific metabolite ratios, such as the Cho to NAA ratio, 

were examined in relation to the presence of tumour cells in biopsy samples taken from the same area as the in 

vivo MRS recordings. Moreover, the density of tumour cells has been connected to the amount of choline in 

MR spectra in biopsy specimens from comparable locations. Considering issues such possible errors in the 

registration of tissue specimen sites and variations in the volume of biopsies in comparison to MRS voxels, 

these results hold promise for the use of choline levels as a predictor of tumor existence. 

The peripheral zones of glial tumors have only shown a few other metabolic alterations, aside from 

choline. Since these alterations are not immediately noticeable, research on the peripheral tumor zone is still 

ongoing. 

 

IV. Conclusion 
The research findings presented in this study emphasize the important role of Magnetic Resonance 

Spectroscopy (MRS) in post-treatment evaluation and management of brain tumors. MRS has the clear benefit, 

when compared to traditional imaging modalities, of providing biochemical diagnostic information relative to 

tumor type and metabolic differences. By looking at metabolite ratios, such as N-acetyl aspartate (NAA), 

choline (Cho), and creatine (Cr), clinicians can learn more about tumor behavior/response to therapies. This is 

especially useful when it comes to distinguishing tumor recurrence from treatment effect, which is often a 

difficult clinical dilemma. 
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The findings of the study demonstrate an excellent correlation between metabolite values derived from 

calculations and those taken directly from the MRS, suggesting that this method can be a dependable approach. 

Looking the spectrometry data and aligning that with the direct tap of the MRS machine means that changes can 

be seen and calculated, thereby facilitating greater precision when monitoring therapeutic responses and the 

development of individualized treatment plans as a consequence. Furthermore, MRS has considerable research 

opportunities which extend beyond clinical diagnostics. The potential to explore metabolic pathways which are 

aligned with brain health and disease, means that MRS can help advance our understanding of a variety of 

neurological conditions. MRS supports research on the metabolic basis of cognitive decline, the regulation and 

mechanisms of neuroinflammation, and a range of psychiatric conditions. 

The integration of MRS with emerging imaging strategies such as MRI and PET is assuring to 

augment our understanding of brain metabolism. Furthermore, improvements in anatomical information such as 

the use of increasing magnetic field strengths, new pulse sequences, and post-processing algorithms will help 

provide higher-resolution images and more reliable MRS data, which will provide more insight into brain tumor 

biology and the efficacy of treatments. Ultimately, the incorporation of MRS information into clinical practice 

is critically important both for neuro-oncologists and our patients with brain tumors. Metabolite data is a vital 

complement to what we are seeing in anatomical imaging, so there is much to learn about tumor classifications 

and possible treatment decisions that will better help our patients. Ongoing research and new technologies will 

develop longer-term clinical use of MRS information and treatment sustained with brain tumors for many 

patients in their future. 

 

References 
[1]. Desale, P., Et Al., Navigating Neural Landscapes: A Comprehensive Review Of Magnetic Resonance Imaging (MRI) And 

Magnetic Resonance Spectroscopy (MRS) Applications In Epilepsy. Cureus, 2024. 16(3). 

[2]. Gujar, S.K., Et Al., Magnetic Resonance Spectroscopy. Journal Of Neuro-Ophthalmology, 2005. 25(3): P. 217-226. 

[3]. Thiagarajan, P., S.J. Bawden, And G.P. Aithal, Metabolic Imaging In Non-Alcoholic Fatty Liver Disease: Applications Of 
Magnetic Resonance Spectroscopy. Journal Of Clinical Medicine, 2021. 10(4): P. 632. 

[4]. Tognarelli, J.M., Et Al., Magnetic Resonance Spectroscopy: Principles And Techniques: Lessons For Clinicians. Journal Of 

Clinical And Experimental Hepatology, 2015. 5(4): P. 320-328. 
[5]. 5. Bothwell, J.H. And J.L. Griffin, An Introduction To Biological Nuclear Magnetic Resonance Spectroscopy. Biological Reviews, 

2011. 86(2): P. 493-510. 

[6]. Di Costanzo, A., Et Al., High-Field Proton MRS Of Human Brain. European Journal Of Radiology, 2003. 48(2): P. 146-153. 
[7]. Hatzakis, E., Nuclear Magnetic Resonance (NMR) Spectroscopy In Food Science: A Comprehensive Review. Comprehensive 

Reviews In Food Science And Food Safety, 2019. 18(1): P. 189-220. 

[8]. Bertholdo, D., A. Watcharakorn, And M. Castillo, Brain Proton Magnetic Resonance Spectroscopy: Introduction And Overview. 
Neuroimaging Clinics, 2013. 23(3): P. 359-380. 

[9]. Bonavita, S., F. Di Salle, And G. Tedeschi, Proton MRS In Neurological Disorders. European Journal Of Radiology, 1999. 30(2): 

P. 125-131. 
[10]. Stanley, J.A. And N. Raz, Functional Magnetic Resonance Spectroscopy: The “New” MRS For Cognitive Neuroscience And 

Psychiatry Research. Frontiers In Psychiatry, 2018. 9: P. 76. 

[11]. Buonocore, M.H. And R.J. Maddock, Magnetic Resonance Spectroscopy Of The Brain: A Review Of Physical Principles And 
Technical Methods. Reviews In The Neurosciences, 2015. 26(6): P. 609-632. 

[12]. Blamire, A., The Technology Of MRI—The Next 10 Years? The British Journal Of Radiology, 2008. 81(968): P. 601-617. 

[13]. Box, G., Signal-To-Noise Ratios, Performance Criteria, And Transformations. Technometrics, 1988. 30(1): P. 1-17. 
[14]. Sodickson, D.K., Et Al., Signal‐To‐Noise Ratio And Signal‐To‐Noise Efficiency In SMASH Imaging. Magnetic Resonance In 

Medicine: An Official Journal Of The International Society For Magnetic Resonance In Medicine, 1999. 41(5): P. 1009-1022. 
[15]. Van Der Kemp, J., Accelerating Diffusion-Weighted Chemical Shift Imaging Using Compressed Sensing With Parameter 

Mapping. 2016. 

[16]. Bluestein, K.T., Et Al., Detecting Cortical Lesions In Multiple Sclerosis At 7 T Using White Matter Signal Attenuation. Magnetic 
Resonance Imaging, 2012. 30(7): P. 907-915. 

[17]. Nicholson, J.K. And I.D. Wilson, High Resolution Proton Magnetic Resonance Spectroscopy Of Biological Fluids. Progress In 

Nuclear Magnetic Resonance Spectroscopy, 1989. 21(4-5): P. 449-501. 

[18]. Barker, P.B. And D.D. Lin, In Vivo Proton MR Spectroscopy Of The Human Brain. Progress In Nuclear Magnetic Resonance 

Spectroscopy, 2006. 49(2): P. 99-128. 

[19]. Ross, B. And S. Bluml, Magnetic Resonance Spectroscopy Of The Human Brain. The Anatomical Record: An Official Publication 
Of The American Association Of Anatomists, 2001. 265(2): P. 54-84. 

[20]. Krukowski, P., Et Al., Analysis Of The Brain Proton Magnetic Resonance Spectroscopy–Differences Between Normal Grey And 

White Matter. Polish Journal Of Radiology, 2010. 75(2): P. 22. 
[21]. Tanabe, K., Et Al., Fat Suppression With Short Inversion Time Inversion‐Recovery And Chemical‐Shift Selective Saturation: A 

Dual STIR‐CHESS Combination Prepulse For Turbo Spin Echo Pulse Sequences. Journal Of Magnetic Resonance Imaging: An 

Official Journal Of The International Society For Magnetic Resonance In Medicine, 2010. 31(5): P. 1277-1281. 
[22]. Edmund, J.M., Et Al., A Voxel-Based Investigation For MRI-Only Radiotherapy Of The Brain Using Ultra Short Echo Times. 

Physics In Medicine & Biology, 2014. 59(23): P. 7501. 

[23]. Herminghaus, S., Et Al., Increased Choline Levels Coincide With Enhanced Proliferative Activity Of Human Neuroepithelial Brain 
Tumors. NMR In Biomedicine: An International Journal Devoted To The Development And Application Of Magnetic Resonance 

In Vivo, 2002. 15(6): P. 385-392. 

[24]. Glunde, K., Z.M. Bhujwalla, And S.M. Ronen, Choline Metabolism In Malignant Transformation. Nature Reviews Cancer, 2011. 
11(12): P. 835-848. 

 


