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ABSTRACT 

 
MAGNETIC RESONANCE SPECTROSCOPY STUDY OF METABOLIC PROFILES IN BRAIN 

TUMORS 

 

Aditya Patel, M.S. 

 

The University of Texas at Arlington, 2010 

 

  Supervising Professor:  Changho Choi 

 

Metabolic profiles in brain tumors were measured using proton (1H) magnetic resonance 

spectroscopy (MRS) at 3T. Spectra were obtained from normal tissues and tumor mass regions 

of 6 low-grade gliomas, 7 anaplastic astrocytomas  and 23 glioblastoma (GBM) patients, using 

PRESS at two echo times (TE = 54 and 112 ms). Glutamate (Glu), glutamine (Gln) and lactate 

(Lac) were well resolved at TE = 112 ms.  The ratio of Gln and Glu concentrations, [Gln]/[Glu], 

was elevated significantly (p < 0.05) in all the tumor types  compared to normal tissue. Elevation 

of Gln was confirmed through [Gln]/[water]; the ratio was increased in all the three tumor types 

but the increase was significant only in GBM. Glycine (Gly) was increased significantly in GBM. 

Alanine was detectable from GBM only, indicating its elevation for most malignant tumor. Other 

observations included significant increases in choline (Cho) and Lac (p < 0.05) and decrease in 

NAA (N-acetylaspartate), in consistent with prior studies. The creatine to water ratio was 

observed to decrease in tumor patients but was not significant. Myo-inositol (mIns) was 

observed to decrease in low grade patients as compared to normal tissue, but was seen to 

increase with grade of tumor, but was not significant. [Lac]/[water] was significantly higher and 
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[Cho]/[Lac] significantly lower for GBM patients indicating the increase in Lac as compared to 

normal tissue. 

Treatment had a significant impact on tumor cells. After radiation therapy the Lac was 

observed to be elevated significantly and decrease after bevacizumab treatment. [Cho]/[Cr], 

[Cho]/[NAA], [Gln]/[Glu] and [Cho]/[Gly] was reduced significantly after the bevacizumab 

treatment. Gly was not detectable after Bevacizumab treatment. Some of the patients showed 

no infiltrating tumor cells after successful surgery and therapy with ratios close to that of normal 

tissue. These observations can help in characterizing the effect of various therapies on brain 

metabolites and tumor cells.           
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CHAPTER 1 

BACKGROUND 

Edward Purcell and Felix Bloch were first to observe the phenomena of nuclear magnetic 

resonance (NMR) in 1946 [1]. NMR is a property of magnetic nuclei to radiate absorbed energy from 

applied Electromagnetic (EM) pulse when placed in a static magnetic field [1]. The isotopes that have odd 

number of protons or neutrons have a non-zero spin and thus have magnetic moment and angular 

momentum [2]. Some of the most widely used nuclei are 1H, 13C, 31P, 19F, 23Na etc. NMR gained a 

widespread application as it is non-invasive and exploits the inherent properties of the nuclei.  

 

1.1 Basic principles of NMR 

NMR as the name implies indicates the detection of signal from a nuclei in presence of magnetic 

field due to the resonance phenomena. Thus to understand the characteristics of the measured signal we 

need to start from the nuclear energy levels.  

 

1.1.1 Spin  

 Spin is an inherent quantum mechanical property of the nucleus. The number of energy levels 

are given by 2I+1 where I is the nuclear spin [3].  The nuclei such as 1H, 13C, 31P, 19F have I = 1/2. Thus 

they have two energy states -½ and ½ (either aligned with the field or against the field) giving rise to 

energy difference ∆E [3].  

       ∆E hω         with      ω  γB                                                        [1.1] 

Where h is Plank’s constant, ω0 is the angular frequency, γ the gyromagnetic ratio (for 1H it is 

42.6 MHz/Tesla) and B0 is the applied external magnetic field. 

For a sample that contains many nuclear spins the relative population of the spins in two energy 

states can be given by the Boltzmann distrubition [3]: 

N
N

exp  ∆E
T

                                                                 [1.2] 
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where Ndown are the spins in higher energy states, Nup are in lower energy state, k is the 

Boltzmann constant and T is the temperature. 

The magnetization has the following relationship: 

M   γ B /T                                                                        [1.3] 

The above equation shows the dependence of magnetization on various factors. Higher γ, lower 

temperature and higher B0 give us larger magnetization.  

 

1.1.2 Excitation 

Magnetization (M0) is aligned along the applied static magnetic field, i.e. the longitudinal direction. 

The plane perpendicular to applied magnetic field is the transverse plane. At thermal equilibrium the spins 

along the transverse plane have no phase coherence giving zero transverse magnetization.  

Nuclear magnetization cannot be observed along the direction of applied magnetic field. Thus the 

magnetization has to be flipped to the transverse plane. The process of perturbing the thermal equilibrium 

and establishing phase coherence in the transverse plane with an external radio-frequency (RF) pulse 

having field B1 and frequency ω1 is known as excitation [3]. Depending on the strength of B1 field the initial 

magnetization can be flipped by 90° (90° RF-pulse) or by 180° (–z-axis) (180° RF-pulse). 

This applied magnetic field B1 should have same oscillating frequency as the Larmor frequency of 

the precessing spins. This condition where both the precession frequencies and the frequency of the 

applied field B1 are the same is known as resonance condition [3].   

 

1.1.3 Free Induction Decay (FID) 

FID is the observable NMR signal generated from a nuclear spin magnetization precessing about 

the magnetic field, relaxing to equilibrium state. Free refers to the free precession of magnetization, 

induction means the signal generated by Faraday’s Law of electromagnetic induction and decay means 

the signal amplitude is decreasing over time. An FID signal following an α-pulse can be given 

mathematically as [1] 

S t sin  ρ ω eT  e  dω             where t 0                               [1.4] 

The maximum amplitude at t=0 can be given by: 



 

3 
 

A sin  ρ ω dω  M sin                                                         [1.5] 

where ρ(ω) is the spin density and T2 is the transverse relaxation time defined by the rate of 

magnetization decay in the transverse plane. 

The FID signal has a characteristic T2 decay by 1.7b when the magnetic field is homogenous. 

The signal decays much faster when the magnetic field is inhomogeneous. Thus a new time constant T2
* 

is used given by: [1]: 

            
T

 
T

 γ∆B                                                            [1.6] 

Longitudinal relaxation (T1) also known as spin-lattice relaxation is defined by rate of recovery of 

longitudinal magnetization. Magnetization recovery and decay due to T1  and T2 are given by Eq 1.7a and 

1.7b respectively. 

M t  M 1 e T                                             [1.7a] 

M t  M 0 e T                                              [1.7b] 

where Mz and Mxy are the longitudinal and transverse magnetization respectively after initial excitation. M0 

and Mxy(0) indicate longitudinal magnetization before excitation and transverse magnetization 

immediately after excitation (t=0).   

 

1.2 Magnetic field gradients 

 Magnetic field gradient (G) is defined as the measure of spatial variation in the magnetic 

field B. This is achieved using extra sets of coils called the gradient coils. The center point of the 

magnetic field is known as isocenter. Thus the gradient adds magnetic field on one direction and 

subtracts to the other side relative to the isocenter. This is the basis of localization in NMR as it makes the 

resonance frequency dependant on the position r. 

 

1.2.1 Slice Selection 

The gradients in any particular direction make the magnetic field position-dependant. This results 

in assignment of a particular resonance frequency at each point. Thus application of a RF pulse designed 
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to excite particular frequency, applied along with the gradient field, leads to slice selection (only those 

particular resonating frequencies are excited). The thickness of the selected slice depends on the 

gradient strength (G) and the bandwidth of an RF-pulse (∆ω). Stronger gradients with the same 

bandwidth of an RF pulse leads to thinner slice thickness as shown in figure 1.1 below. On the other hand 

with the same gradient strength with larger bandwidth of an RF pulse leads to thicker slice being selected. 

 
 

 

Figure 1.1 The gradients make the magnetic field position dependant leading to different resonating 
frequencies. Thus frequency-selective RF pulses excite a particular slice. The figure also demonstrates 

that the stronger gradients with the same BW of RF pulses, smaller the slice thickness. 
 

 

1.3 NMR (Nuclear Magnetic Resonance) Spectroscopy 

NMR spectroscopy has widespread applications in science for measurement of the chemical, 

physical and biological properties of matter.  Out of the above mentioned nuclei, 1H is most extensively 

studied. 13C and 31P have the advantage of higher ppm (parts per million) range. One of the major 

drawbacks of these nuclei is their relatively low sensitivity.  

 

B(z)

∆ω

∆z1
z∆z2

G1

G2
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1.3.1 Proton (1H) MR Spectroscopy (1H-MRS) 

Proton or 1H NMR spectroscopy is the exploitation of 1H nuclei to study the properties and 

interactions of matter. 1H-MRS is most extensively used due to its high natural abundance, high 

gyromagnetic ratio and ubiquity in molecules [4]. One of the major drawbacks of 1H is that  the water 

concentration is about 10000 times higher than metabolites of interest [5]. This leads to need of 

specialized techniques for water suppression. The two most common techniques of 1H spectroscopy are: 

(1) Single voxel spectroscopy (SVS). (2) 2-D or 3-D chemical shift imaging (CSI) or Magnetic Resonance 

Spectroscopy Imaging (MRSI). 1H spectroscopy has found its application in degenerative disorders of the 

elderly such as Alzheimer’s and Parkinson’s disease, degenerative disorders in children, hepatic 

encephalopathy, cerebral ischemia, hippocampul sclerosis and schizophrenia. Over the last few years a 

major application of 1H spectroscopy has been in the field of brain tumors. etc [6]. 

      

1.3.2 Chemical Shift 

Chemical shift is defined as the dependence of the resonance frequency of a nucleus on the 

chemical environment of the nucleus. Chemical shift is caused by electrons shielding the nuclei from the 

external magnetic field. Figure 1.2 shows the shielding effect of the electrons from the external magnetic 

field [3].  

This change in the magnetic field due to the electron shielding effect can be given by: 

  1                                                   [1.8] 

where σ = shielding constant depending on the chemical environment of the nucleus. 

Chemical shifts are expressed in terms of parts per million (ppm). The chemical shift can be 

defined as: 

   x 10                                                  [1.9] 

where v and vref are frequencies of the compound under investigation and the reference compound 

respectively. 

This chemical shift results in different molecules studied in 1H spectroscopy such as NAA (N-

acetyl aspartate), Cr (creatine), GPC (glycerophosphocholine), PC (phosphocholine), Glu (glutamate), 
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Gln (glutamine), GSH (glutathione), mIns (myo-inositol) etc. to resonate at different frequencies. All these 

metabolites resonate at a particular value in the ppm range. For example, NAA at 2.01 ppm, Cr at 3.03 

ppm, Glu at 2.35 ppm, mIns at 3.52 ppm [7]. 

 

 
 

Figure 1.2 µe is the magnetic moment of the electrons opposing the external magnetic field. Thus the 
effective magnetic field experienced by the nucleus is reduced causing a different Larmor frequency and 

thus the chemical shift. 

 

1.3.3 Sequences 

Various sequences are used in 1H spectroscopy, depending on the application of interest. The 

most widely used sequences include PRESS (Point Resolved Spectroscopy), STEAM (Stimulated Echo 

Acquisition Model), ISIS (Image Selected In Vivo Spectroscopy), EPSI (Echo Planar Spectroscopic 

Imaging). 

 

1.3.3.1 Point Resolved Spectroscopy (PRESS) 

PRESS is double spin-echo that employs two slice-selective refocusing pulses forming two 

echoes. As shown in Figure 1.3, all three pulses are slice selective giving rise to volume selection for 

SVS. The two echoes form (1) at time TE1, from the intersection of two orthogonal slices (90° and 180° 

RF pulses). (2) at time TE2, from the intersection of three planes (all the three RF-pulses). 

B0 

µe 
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Figure 1.3 PRESS sequence showing volume localization for single voxel spectroscopy. All the three RF 
pulses are slice-selective. The crusher gradients surrounding the 180° RF pulses destroys all the 

unwanted coherences. 

 
1.3.3.2 Stimulated Echo Acquisition Mode (STEAM) 

The STEAM sequence shown in Figure 1.4 also achieves 3-D localization, similar to PRESS. All 

three pulses are slice selective, giving rise to volume selection and signal generated from the intersection 

of three planes. This sequence generates five echoes, three FID’s and a stimulated echo (STE). The 

stimulated echo formed at the time TE+TM is measured. TM is the mixing time [3].  

 
Compared to PRESS, STEAM has smaller chemical shift displacement artifact (explained later), 

but with a comparatively smaller signal-to-noise (SNR) ratio by a factor of ½, due to its partial refocusing 

effect [5]. 

 

90

180 180 

TE

Crusher Gradients

Crusher GradientsSlice Select Gradient

Slice Select Gradient

Refocusing Gradient

Slice Select Gradient

TE1 TE2
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Figure 1.4 STEAM sequence showing volume localization for single voxel spectroscopy. TE and TM 
crusher gradients are necessary for removal of unwanted coherences. Rephasing of phase evolution 

during excitation is done by the refocusing pulse. 

 

1.3.3.3 Spoiling/crusher Gradients 

In PRESS and STEAM sequences, the refocusing pulses are surrounded by spoiling gradients. 

Spoiling gradients are defined as the gradients destroying the unwanted coherences by manipulating the 

phase of the signals preserving the desired signal [3]. In case of STEAM, all the echoes and FID’s except 

the STE are destroyed by crusher gradients. For PRESS, all the echoes except that from the intersection 

of three intersecting orthogonal planes are destroyed by crusher gradients. Crusher gradients with same 

identical area around the refocusing pulse lead to constructive addition of echo signal, while variable area 

crusher gradients lead to dephasing of stimulated or spin echoes. This is how the pair of crusher gradient 

works: (1) Phase dispersion by left gradient and (2) phase dispersion unwound by right crusher.  

Application of magnetic field gradients in the presence of diffusion leads to signal loss. The 

amount of signal loss due to diffusion can be given by [3]: 

  ln S
S

 bD                                                                   [1.10 a] 

  b  γ G δ  ∆   ,                                                             [1.10 b] 

90 90 90

TE/2 TE/2TM

Crusher Gradients Crusher Gradients

Crusher Gradients

Crusher Gradients

Crusher Gradients

Refocusing Gradient

Refocusing Gradient

Refocusing Gradient

Slice Select Gradient

Slice Select Gradient
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where S(b)/S(0) is the signal loss, γ is the gyromagnetic ratio, G  is the gradient strength, δ is the duration 

of gradients, ∆ is the time between the two gradients (generally calculated from center to center) and D is 

the diffusion constant.  

Diffusion constants of metabolites in the human brain re approximately 0.3x10-5 cm2/sec. Thus to 

reduce the amount of signal loss due to diffusion, ∆ or δ should be set as small as possible. Decreasing 

the gradient strength can also help in reducing the amount of signal loss due to diffusion. 

 

1.3.3.4 Water suppression 

The water concentration is >10000 as compared to the metabolite concentrations.  The water 

signal has to be suppressed for detection of metabolites. Four groups of water suppression are: (1) 

frequency selective excitation defocusing; (2) utilization of relaxation parameter differences; (3) editing 

methods such as polarization transfer; and (4) software-based water suppression [5]. 

One of the most widely used water suppression technique is CHESS (chemical shift selective) 

RF-pulses [8]. It is frequency selective excitation, exciting the water signal into transverse plane and then 

dephasing it by a set of magnetic field gradients. The time between water excitation and dephasing and 

the excitation of metabolite signals should be as small as possible to avoid the recovery by of water T1 

relaxation. An other method used is WATERGATE - a frequency selective refocusing [3].  

 

1.3.3.5 Chemical Shift Displacement Artifact 

The volume localized techniques suffer from chemical shift displacement artifact. This leads to 

metabolite signals that are originated from different spatial origin depending on chemical shift 

frequencies. A spatial displacement of ∆x between the two resonances due to relative difference in 

precession frequencies can be given by the following equation [9]: 

∆x  δ
∆

                                                                  [1.11 a] 

δv  δ γ B                                                             [1.11 b] 

where δv0 is the chemical shift difference, ∆vx is the RF-pulse bandwidth and Vx is the voxel size. 

The chemical shift difference between NAA and Cr for a pulse bandwidth of 1300 Hz and a voxel 

size of 3 x 3 x3 cm at 3T along one spatial direction is 0.301 cm. For an entire 3-D volume only 72.1% of 
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the corresponding voxel will be in common. The larger the chemical shift difference, the greater is the 

shift. Larger BW of the RF-pulse reduces the amount of displacement. Thus 90° RF-pulse that has higher 

BW compared to 180° RF-pulse causes less displacement. This is why STEAM, with all the three 90° RF-

pulses, gives less chemical shift displacement errors than PRESS. The chemical shift displacement 

increases with increasing magnetic field B0.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

11 
 

CHAPTER  2 

BRAIN TUMORS 

Brain tumor is the abnormal growth of cell within the brain or central spinal canal. There brain 

tumors can be (1) primary brain tumors-abnormal cell growth starting in the brain and (2) secondary brain 

tumors - malignant cancer cells originating in some other organ that move through the blood stream and 

deposit in the brain, causing a brain tumor there. Some of the major symptoms of brain tumors are 

headaches, seizures, weakness in one part of the body and changes in mental functions. 

There are two types of brain tumors: (1) Gliomas and (2) Non-glial tumors. Examples of the 

gliomas are astrocytomas and ependymomas oligodendrogliomas. Some of the non-glial tumors are 

medulloblastomas, meningiomas, schwannomas and germinomas. Of all the primary brain tumors of the 

spinal cord, ependymomas account for 13%, meningiomas and schwannomas 30% each, astrocytomas 

7% and chordomas 4% (SEER-Database). 

 

2.1 Malignant Gliomas   

81% of all the malignant brain tumors are gliomas. In 2008, 21,810 cases of malignant brain 

tumors occurred out of which 13,070 deaths occurred in a year (60%) (SEER-Database). The median age 

of diagnosis is around 55 years. Malignant glioma leads to physical and cognitive impairment. 

 

2.1.1 Astrocytomas 

Astrocytomas are diffusively infiltrating tumors occurring in about 5-7 new cases per 100,000 per 

year. They primarily develop in cerebral hemispheres. The World Health Organization (WHO) developed 

a grading system in the range of (I- IV) according to degree of malignancy. The three major types of 

astrocytomas are: low grade gliomas (Grade II), anaplastic astrocytoma (Grade III) and glioblastoma 

multiforme (Grade IV) [10].  Survival is associated with tumor grade. These tumors are graded on the 

basis of cellularity, mitotic activity, necrosis and microvascular proliferation.  
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2.1.1.1 Low Grade Gliomas (Grade II) (LGG) 

Low-grade gliomas make upto 10-20% of the astrocytomas in adults and 25% in children. They 

have a lower mitotic rate and have the ability to migrate to long distances from its original site of tumor 

development. Infiltrating low-grade astrocytomas occurs majority of the time in frontal lobe of vertebral 

hemispheres [11]. LLG affecting the spinal cord lead to weakness and changes in sensation in the arms 

and legs. 80% of the low grade patients transform to glioblastoma within 5 years of initial diagnosis. 

Infiltrating LLG leads to death for 30% of the cases (SEER-Database). Surgical removal, i.e., total 

resection and sub-total resection of the low-grade tumors, is the primary treatment, depending on the 

location of tumor. Another treatment method for tumors that cannot be resected is radiation therapy or 

chemotherapy, to prolong survival and to hinder the progression to higher grade astrocytomas.    

 

2.1.1.2 Anaplastic Astrocytomas (Grade III) (AA)  

Anaplastic astrocytomas in certain cases develop from LGG. They have a significantly higher 

mitotic rate and cellularity compared to the LGG. The median age of diagnosis is 41 years, with a survival 

rate of about 3 years. The lesion can be detected with the help of Gadolinium (Gd) contrast enhancement 

MRI in the majority of the cases. It can be treated with surgical resection, depending on the site of 

occurrence, or through radiation therapy and chemotherapy utilizing temozolomide. 

 

2.1.1.3 Glioblastoma Multiforme (Grade IV) (GBM) 

There are two types of glioblastoma: (1) primary glioblastoma – highly invasive and aggressive 

tumor occurring without any previous clinical diagnosis in comparatively older patients and (2) secondary 

glioblastoma – usually in younger patients, leading progressively from LLG or AA to GBM within some 

years of initial diagnosis. The GBM patients have a survival time of about 15 months. Complete surgical 

resection of GBM is usually impossible, due to its highly infiltrating characteristics. Thus treatment with 

temozolomide (chemotherapy) along with radiation therapy after surgical resection has significantly 

increased the survival rate compared to radiation therapy alone with surgical resection [12]. Differentiation 

between true progression and treatment effect and/or radiation necrosis response to radiation therapy 

has improved with addition of Flurodeoxyglucose Positron Emission Tomography (FDG-PET) imaging.     
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2.2 Brain tumor Spectroscopy 

Brain tumor spectroscopy has gained popularity over the years as a way to study tumor 

metabolism. Biopsy, an invasive method, is the only way at present to definitely determine grade of 

tumor. Thus a non-invasive technique that can be used to determine the grade of tumor lesion non-

invasively is of great interest. 1H MRS provides biochemical information and is increasingly being used as 

a non-invasive method to help grade tumors non-invasively [13]. It also helps in showing metabolic 

differences between normal tissue and tumor lesion. Some of the information that can be obtained from 

1H MRS are (1) determination of diagnosis of tumor lesion, (2) tumor grading, (3) response to therapy and 

(4) monitoring to help in therapeutic planning [13].  

There are two 1H MRS methods used for data acquisition: (1) single voxel spectroscopy (SVS) 

and (2) chemical shift imaging (CSI) or magnetic resonance spectroscopic imaging (MRSI). SVS is used 

to obtain the metabolic profile from lesions that appear to be abnormal from the images of MRI. T2-

weighted images that appear brighter due to fluid regions because of vasogenic edema with tumor 

infiltration are used as a reference. Thus PRESS (Point Resolved Spectroscopy) or STEAM (Stimulated 

Echo Acquisition Mode) are used for localizing the voxel to obtain the biochemical information within the 

tumor lesion. A typical volume size of 2 to 8 cc is used for SVS.  For CSI also PRESS or STEAM is used 

with the excited region being typically of the size of 50 to 300 cc. Phase-encoding steps in two or three 

directions lead to the excited volume being divided into sub-voxels. A typical sub-volume size of 1 cc is 

used for data acquisition. 

The primary difference between SVS and CSI is the extent of coverage. SVS helps in covering a 

volume size of only tumor lesion. Thus for comparison purpose additional acquisition from the 

contralateral-normal appearing mass has to be acquired. Sometimes the tumor lesion is widespread and 

thus cannot be covered with one voxel in SVS or vice-versa (the tumor lesion is so small, that the same 

voxel size would lead to normal tissue being involved). CSI, on the other hand, allows data acquisition 

from typically the whole brain [13-14]. Some of the major advantages of CSI are: (1) it helps to directly 

compare the normal brain to the tumor lesion (covering the whole brain and thus contralateral normal 

mass also), (2)in cases of widespread tumor mass, it helps cover the entire lesion, (3) the sub-volume 

size is smaller as compared to SVS, thus helping in acquisition from tumor lesion only, and (4) as it is 
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acquired from the tumor lesion and the surrounding brain areas, it helps to recognize the infiltrating part of 

the brain simultaneously. This is the most powerful feature of CSI. One of the major drawbacks of CSI as 

compared to SVS is (1) signal-to-noise ratio (SNR). As the volume size used is typically smaller in CSI 

than in SVS it has significantly lower SNR. Shimming- magnetic field inhomogeneity is a major problem in 

MRI and is more challenging for CSI than SVS, since larger the spatial extent the more inhomogeneous 

the field is. Thus SVS has better shimming. Contamination from fat is a major problem in CSI and thus 

additional outer-volume suppression (OVS) bands have to be used to suppress the unwanted fat signals. 

The comparatively longer acquisition time of CSI is also a major concern [14]. Thus due to these 

drawbacks of CSI, SVS is still more widely used. But with improvement in data acquisition and post-

processing techniques, CSI can be of greater help in the future.  

 

2.3 MRS (Magnetic Resonance Spectroscopy) Tumor characteristics 

   Tumor causes various biochemical changes in brain as compared to the normal tissue. These 

changes in the metabolic characteristics can be studied through 1H spectroscopy. Some of the major 

changes in metabolites that are seen in tumors are listed below: 

 

2.3.1 N-acetly-aspartate(NAA) 

NAA, best detected by the methyl group resonating at 2.01 ppm, is the highest concentration 

brain metabolite appearing in normal brain (~10 mM). It is a marker of neuronal density. It is a widely 

used marker for brain tumors. Brain tumors are non-neuronal in origin; thus NAA is reduced in tumors. 

Gliomas that are infiltrating show some presence of NAA. Care should be taken in using NAA as a tumor 

marker, as radiotherapy or surgery can lead to disruption of neuronal tracts, causing NAA to be reduced 

[15].  

 

2.3.2 Creatine (Cr) 

Methyl and methylene protons of creatine and phosphocreatine, together known as tCr, resonate 

at 3.03 ppm and 3.92 ppm, respectively [7]. In normal brain the concentration of Cr is about 6 mM. It 

plays a major role in energy metabolism of tissue along with ATP (adenosine triphosphate). Reduced Cr 
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is thought to be characteristic of high-grade gliomas, metastases and meningiomas [16-17]. Cr is thought 

to be reduced due to the changes in energy metabolism, but the function of Cr in brain tumors is not well 

understood yet.  

 

2.3.3 Choline-containing compounds (tCho) 

tCho, resonating at 3.21 ppm, is composed of glycerophosphocholine (GPC), phosphocholine 

(PC) and free choline, and is one the most abundant metabolites in normal brain, after NAA and Cr [7]. 

Elevated tCho is used as a marker to differentiate tumor lesions from the normal tissue [17]. tCho is 

thought to be a marker of increased cell density and membrane turnover [18]. tCho is used as the marker 

for malignancy in tumors [19].   

 

2.3.4 Lactate (Lac) 

Lactate, a byproduct of anaerobic glycolysis, is of the concentration of ~0.5 mM in the normal 

brain, and  resonates at 1.31 ppm [7]. Lactate is elevated significantly in brain tumors especially the 

highest grade. This observation was made by Warburg et. al., and is due to cells rapidly using glucose 

converting it into lactate in the absence of oxygen [20]. One other possibility, independent of increased 

glycolysis, for increased lactate is reduced clearance rate in necrotic or cystic regions [21].     

 

2.3.5 Glutamate/Glutamine (Glu/Gln)       

Glu is the highest concentration (~10 mM) excitatory neurotransmitter [7]. The role of Glu in brain 

tumor has not yet been studied. Previous studies combining both glutamate and glutamine (Glx) have 

shown elevation in meningiomas and astrocytomas [22]. But the glutamate individually is yet not clear. 

Glutamate, if secreted by the cells, has been shown to influence tumor growth. But the results are still too 

ambiguous to draw any solid conclusions [23]. 

Gln has drawn a lot of attention recently in study of brain tumors. Gln is an amino acid with a 

concentration of about 2-4 mM in normal human [7]. Its main function in considered to be ammonia 

detoxification [3]. Its methine group resonates as a triplet at 3.76 ppm and the multiplets of four methylene 
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groups at 2.12 ppm and 2.46 ppm [7]. Gln, along with glucose recently has been reported to initiate 

growth of tumors. Gln has been postulated to initiate cell proliferation and tumor growth in brains [23].  

 

2.3.6 Myo-Inositol/Glycine (mIns/Gly) 

Myo-inositol (mIns) is a cyclic sugar that has four groups of six NMR detectable protons. mIns is 

thought to be elevated as a result of cell proliferation (a precursor in lipid metabolism) [7]. It is elevated in 

glial tumors and absent in non-glial tumors. mIns is also thought to be a marker to distinguish 

meningiomas and hemangiopericytomas [13, 24]. But as yet the reason for mIns elevation is not very 

clear. 

Glycine (Gly) resonating as a singlet peak at 3.55 ppm, is an inhibitory neurotransmitter and an 

anti-oxidant [7]. It is over-lapped by higher concentration mIns signal in short echo time data. At long echo 

time it is more clearly observable due to its longer T2 compared to mIns [25]. Gly as a bio-marker in 

malignancy has been reported previously [13]. It has been postulated that increased Gly concentration is 

due to intermediate of glycolytic pathway involving phosphoglycerate and serine [26]. Glycine increase 

has been reported by high resolution magic angle spinning (HR-MAS) and in childhood brain tumors [27-

28].    

 

2.3.7 Alanine (Ala) 

Alanine is a amino acid resonating as a doublet at 1.48 ppm with a concentration of ~0.5 mM in 

normal brain [7]. It is thought that an alternate metabolic pathway produces Ala as an end-product along 

with Lac. Increase of Ala in meningiomas has previously been reported [16-17, 29]. It is clearly 

observable at longer echo time as an inverted peak, the same as lactate.  

 

2.4 Pathway for Tumor Cell Growth  

Recently a pathway, shown in Figure 2.1 that integrates both glutamine and glucose metabolism 

in tumor cell growth was proposed. This pathway helps a lot to understand the mechanisms of tumor cell 

growth and various metabolites contributing to it and its metabolic end-products. This pathway can also 

help in understanding how concentrations of various metabolites increase or decrease. As seen from the 
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cycle, Gln is converted to Glu through the enzyme glutamate synthetase and then converted to α-

ketoglutarate (α-KG), entering the TCA cycle [23]. The end-product through the Gln cycle is Lac, 

explaining the lactate elevation through the glucose cycle the end-products are both Lac and Ala, 

explaining Ala elevation.  

 

Figure 2.1 Integration of glucose and glutamine metabolism in growing tumors. The two main inputs are 
glutamine and glucose that help in initiating cell growth. Glutamine (blue arrow) and Glucose (red arrow) 

undergo cyclic changes producing alanine, lactate and ammonia as an end-product [23]. 
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CHAPTER 3 

MATERIALS AND METHODS 

3.1 Patient Information 

The study included 36 patients. The patients before the study underwent a surgical biopsy. 

Histopathological results obtained from the surgical biopsy were graded according to the World Health 

Organization (WHO) criteria. The patients thus were divided into three groups according to the tumor 

grade. (a) low grade gliomas (LGG) (b) anaplastic astrocytoma (AA) and (c) glioblastoma (GBM).  

 

Table 3.1 Patient Information showing the number of patient in individual tumor type. 

Tumor Type Tumor Grade Number of Patients 

Glioblastoma Grade IV 23 

Anaplastic Astrocytoma Grade III 7 

Low Grade Gliomas Grade II 6 

Total Number of Patients 36 

Total Number of Scans 66 

  

All the patients underwent a clinical scan before they had the research scan. On the clinical scan 

they had a Gadolinium (Gd) contrast agent scan. The information obtained from the clinical scan was 

used as a reference for the research scan. The clinical information was used for placement of single-

voxel spectroscopy (SVS) as well as magnetic resonance spectroscopic imaging (MRSI). Informed 

consent was obtained from all the patients prior to the scan. The informed consent form was approved by 

Institutional Review Board of University of Texas Southwestern Medical Center at Dallas. Some patients 

had both pre-op (pre-operation) and post-op (post-operation) scans. The post-op scans were divided into 

stages such as (1) mid-radiation. (2) post-radiation and (3) post-bevacizumab. Some of the patients were 

scanned to see recurrence of tumors. 
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3.2 Experimental Design 

The data were acquired on a whole-body 3T scanner (Philips Medical Systems, Best, The 

Netherlands). A body coil was used for signal transmission and an 8-channel SENSE coil was used for 

signal reception. The data were acquired using a PRESS (Point Resolved Spectroscopy) sequence. The 

protocol included both single voxel spectroscopy and chemical shift imaging. Localization of tumor was 

done with the help of FLAIR (Fluid attenuated inversion recovery) and MP-RAGE (Magnetization 

Prepared Rapid Acquisition Gradient Echo) images.  

 

3.2.1 Imaging 

FLAIR is a special modification of T2-weighted imaging. It has become popular over the last few 

years due to the capability of suppressing signals from CSF (Cerebrospinal fluid). Initially T2-weighted 

images were used for localization of tumors. However, T2-weighted images failed to differentiate between 

tumor and edema. FLAIR on the other hand suppresses the signal from the CSF, leading to differentiation 

between the two. Imaging parameters of T2-FLAIR imaging included repetition time (TR) = 11000 ms, 

echo time (TE) = 125 ms, inversion time (TI) = 2800 ms, acquisition matrix size of 352 x 212, imaging 

time of 3 min and 40 sec. The tissues having the same value of T1 as that of the CSF will be suppressed 

in FLAIR. However, gadolinium changes the value of T1 in tissue and thus FLAIR should not be used in 

contrast based imaging technique [30-32].  

MP-RAGE is a three dimensional (3-D) T1-weighted image. It employs a 180° inversion pulse for 

preparing the magnetization resulting in T1 contrast. It has 2-D phase-encoding with low flip angle read-

out pulses. Since MPRAGE is a T1-weighted imaging sequence it leads to a hypointensity in the tumor 

mass, which has a elevated T1 [33]. The parameters used for acquisition were TR=8.1 ms, TE=3.7 ms, 

acquisition matrix of 256 x 204 x 160 with a slice thickness of 1 mm and a flip angle of 12°. The 

acquisition time for MPRAGE was 3 min and 57 sec. SENSE was used for both FLAIR and MPRAGE 

sequences. The advantage of MPRAGE compared to the conventional T2-weighted sequence is that it is 

able to differentiate between tumor mass and edema. The hypointensity in the T1-weighted MPRAGE 

sequence is the measure of the mass being tumor, while the hyperintensity in the T2-weighted FLAIR 

sequence is the measure of the mass being an edema. 
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3.2.2 Spectroscopy 

 

3.2.2.1 Phantom Experiments 

A spherical phantom was prepared containing metabolites N-acetly-asparate (NAA - 30 mM), 

Creatine (Cr - 24 mM), Glutamate (Glu - 30 mM), Glutamine (Gln - 9 mM), γ-aminobutyric acid (GABA - 3 

mM), Glutathione (GSH - 9 mM), Glycine (Gly - 3 mM), Myo-Inositol (mIns - 15 mM), Lactate (Lac - 6mM) 

and Alanine (Ala - 3 mM),  at pH of 7.26. The metabolite concentrations used were on the basis of the in-

vivo metabolite concentration ratios. The optimized PRESS (TE1,TE2) = (32,22), (32,80) and (32,214) ms 

were used in the experiment. The voxel size of 20 x 20 x 20 mm3 was used with a TR = 5 sec. The 

number of sampling points were 2048 with a spectral width (SW) of 2500 Hz. RF-pulse carrier of 2.5 ppm 

was used. The data were acquired in 4 blocks, with each block having an average of 4. Water signal was 

acquired for each echo time for eddy current compensation in a single block with four averages. The data 

were apodized with an exponential filter of 4 Hz. The outputs were then analyzed in LCModel to validate 

the concentration ratios included in the phantom [34]. A longer TR was used for phantom as compared to 

in-vivo to take into account the longer T1 of phantoms.  

 

3.2.2.2 In-vivo Experiments 

PRESS (Point Resolved Spectroscopy) sequence was used for single voxel spectroscopy (SVS) 

and chemical shift imaging. The data were acquired with a whole-body 3T Philips scanner. Signal 

reception was done with an 8-channel phased-array head coil. The localization of SVS was done with a 

9.8-ms 90° RF pulse (BW=4.2 kHz) and 13.2-ms 180° RF pulses (BW=1.3 kHz). The typical voxel size 

used for data acquisition is 20 x 20 x 20 mm3. The number of sampling points acquired  were 2048 with a 

spectral width of 2500 Hz and RF-field intensity of 13.5 µT. Water suppression was carried out before the 

data were acquired using WET scheme. First order and second order shimming was carried out on the 

voxel to make the field homogenous. The typical shimming volume used was 50 x 50 x 50 mm3. Three 

pairs of PRESS subecho times (TE1,TE2) = (32,22), (32,80), and (32,214) were used with a TR=2000 ms. 

After four startup acquisitions (this data was not acquired), the FID’s for the three TEs were acquired with 

number of blocks as 8, 16 and 32 respectively with each block having number of averages as 4. The 
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number of averages was 32, 64 and 128 respectively.  A 64-step phase cycling was used for all the echo 

times. The carrier for the slice selective RF pulses was 2.5 ppm. The (TE1,TE2)=(32,22) ms was the 

shortest possible echo time for a given set of RF and gradient pulse duration. The protocol included 

acquisition of a water signal in addition to the water-suppressed metabolite signal acquisition for each of 

the echo time. A TR/TE=20000/13 ms STEAM water signal was acquired for each voxel within the tumor 

or normal tissue. The typical pulse sequence used is shown 3.1 (Simulator-PHILIPS).  

 

Figure 3.1 PRESS sequence for (TE1,TE2) = (32,22)ms with water suppression (WET) with four RF-
pulses having a variable flip angle being applied before the 90 RF-pulse. Each RF-pulse of the PRESS 

sequence is slice selective. The 180° RF pulses are surrounded by crusher gradients to remove any 
phase incoherencies. 

 

3.3 Data Analysis 

 FID data were acquired in time domain. Single voxel data were post-processed using an in-

house Matlab program. The acquired data were processed for correcting the frequency drift, eddy current 

effects, baseline correction and phase correction. The data were frequency drift corrected using Cho 

Water suppression scheme (WET) . Pulse BW=62 Hz

90° RF pulse 

180° RF pulses 
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singlet as reference for tumor mass and singlet NAA as reference for the normal tissue. Multi-block data 

were corrected individually for frequency drifts. Residual eddy current effects were removed using the 

unsuppressed brain water having the identical gradient scheme as the water suppressed brain metabolite 

signal. FIDs were  multiplied  with 1 Hz exponential filter. Zero order and first order phase correction was 

done on the Fourier transformed data. Fill-width half maximum (FWHM) of singlets such as NAA, Cr and 

Cho were measured. The final spectrum was saved for spectral fitting of the data by LCModel.  

The data were fitted with a basis function containing various metabolite signals that were 

numerically calculated. The basis function contained modeled spectra of GPC, PC, Cr, NAA, Glu, Gln, 

Lac, Lipids, GSH, GABA, mIns, Gly, Ala, taurine (Tau), acetate (Ace), N-acetylaspartylglutame (NAAG),  

ethanoalamine (Eth), scyllo-inositol(sIns), aspartate (Asp). The concentrations of metabolites were 

estimated from their dominant resonances. The range of spectral fitting was 0.5-4.0 ppm. LCModel 

estimated concentration was obtained together with %SD, Cramer-Rao Lower Bound (CRLB), that 

represents the goodness of fit. The estimated metabolites that had a CRLB of less than 20% were 

included for subsequent data analysis.  

Metabolite ratios were measured in LGG, AA, GBM and normal tissue. One-way ANOVA 

(Analysis of variance) was performed on metabolite ratios. ANOVA was done on metabolite ratios 

between each tumor type as well with normal tissue as control to test the significance.   
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CHAPTER 4 

RESULTS 

4.1 Simulated Spectra 

Figure 4.1 shows the numerically simulated spectra for the echo times (TE1,TE2)=(32,22) ms and 

(32,80) ms. The spectra contains the echo time dependence of metabolites such as Glutamate (Glu), 

Glutamine (Gln), γ-aminobutyric acid (GABA), Glutathione (GSH), Glycine (Gly), Myo-inositol (mIns) and 

Lactate (Lac). The simulated spectrum shows that the long echo time is useful for spectrally differentiating 

Glu, Gln and Lac [7]. At this TE, Lac shows an inverted doublet at 1.3 ppm due to the J coupling effect.  

 

 

Figure 4.1 . Numerically simulated absorption spectra for various metabolites. Effective T2 of 200 ms was 
used to obtain the spectra with broadening. The metabolite concentration ratio used for calculation of the 

simulated spectra was [Glu]:[Gln]:[GABA]:[GSH]:[Gly]:[mIns]:[Lac] of 10:3:1:3:1:5:1. 
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4.2 Phantom Experiments 
 

PRESS spectra from all the three echo times PRESS = (32,22), (32,80) and (32,214) are shown 

in Figure 4.2 below. The figure includes the specta with no exponential filter applied and a spectrum that 

has been multiplied by an exponential filter of 4 Hz (to make FWHM close to in-vivo). The phantom 

spectrum was in agreement with the simulated spectrum. Glu and Gln can be spectrally differentiated at 

the echo time of 112 ms and lactate appeared inverted at this echo time. The LCModel results are shown 

in Figure 4.3. The results from LCModel show the best fit of data with the baseline and the residual 

signals. The concentration ratio of [Cr]/[NAA] = 0.71 from the LCModel analysis results with an error of 

~9%. T2 values for the phantom is higher than in-vivo causing the error. The data can be adjusted for the 

T2 loss and reduce the error for the concentration ratio. 

 

 

Figure 4.2 Spectra from phantom obtained with PRESS at three echo times with a TR of 5 sec. (A) 
Spectrum with no exponential filter applied (no apodization). (B) spectrum that has been multiplied with a 

4 Hz exponential function (4 Hz apodization). The frequency drift correction was done with NAA as 
reference. The concentration of metabolites [NAA]:[Cr]:[Glu]:[Gln]:[GSH]:[GABA]:[mIns]:[Gly]:[Ala]:[Lac] in 

the phantom were 30:24:30:9:9:3:15:3:3:6 

NAA

Cr

Cr

Gly Gln
GlumIns

LacAlaGSH GABAPRESS 
(32,22) ms

PRESS 
(32,80) ms

PRESS 
(32,214) ms

NAA

Cr

Cr

Gly Gln
GlumIns

LacAlaGSH GABA

A B 



 

25 
 

 

Figure 4.3 LCModel fitting for the three echo times. The data was acquired with a TR = 5 sec. The fitting 
shows the actual fit, the baseline and the residual signals generated by the fitting. The LCModel fit was in 
agreement with the simulated spectra, showing the echo time dependence on metabolites. The estimated 

concentration ratios of the metabolites from LCModel were also accurate with error of 9%. The fit was 
carried out with the basis function containing all the above metabolites. 

 
4.3 In-vivo 

 

4.3.1 Apparent T2 estimation 

Apparent T2 was calculated for NAA, Cr, GPCPC, Glu and mIns for tumor mass and normal 

tissue. Three sets of echo time (TE1,TE2)=(32,22), (32,80) and (32,214) ms were used. A constant 

TR=2000 ms was used, thus creating different initial longitudinal magnetization for all the echo time. 

Variable TR having same initial longitudinal magnetization might give different results. Crusher gradients 

of strength 2.2 G/cm, with slope of 0.7 ms and duration of 2 ms were used. The center-to-center interval 

between the two gradients was ~20ms. These were adjusted to have minimal diffusion loss on the signal 

intensity (<0.5 %). The LCModel fits for the three echo times for the tumor vs. the normal spectra are 

shown in the Figure 4.4. The LCModel estimates of the signal intensity at the three echo times were fitted 

with the monoexponential function exp(-TE/T2). The fitting was done on Cr, NAA, GPCPC (Cho), Glu and 
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mIns and is shown in Figure 4.5. The Mean±SD are shown in Figure 4.6 and the values are written in 

Table 4.1. Apparent T2 estimation between the tumor mass and normal tissue did not show any significant 

difference (paired t-test).  

 

Figure 4.4 LCModel fit of 1H PRESS spectra at the three TE's for the tumor mass and normal tissue of 
one subject. The estimated amplitude of metabolites obtained from the LCModel fitting were used for 

calculation of apparent T2. Estimates with CRLB < 20% were used for the calculation. 
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Figure 4.5 Monoexponential fitting of metabolite signal for the tumor and the normal tissue of a subject. 

 

 

Figure 4.6 Mean T2 of brain metabolites measured from the tumor mass and the normal tissue. Error bars 
indicate standard deviation (N=7) 
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Table 4.1 Metabolite T2 values (mean±SD,N=7) and p-values between the Tumor mass and the normal 
Tissue (paired t-test) 

 Cr NAA GPCPC Glu mIns 

Tumor-T2 149±12 204±32 197±31 198±44 120±7 

Normal-T2 144.66±13 237.75±42 190.74±30 162.87±31 119±21 

P-value 0.49 0.14 0.72 0.11 0.93 

 
 

4.3.2 Normal Tissue Spectra 

A stack of normal tissue spectra for PRESS (32,22) and (32,80) ms of five volunteers are shown 

in Figure 4.7. The in-vivo data shows improved spectral differentiation of Glu and Gln at PRESS (32,80) 

ms compared to the (32, 22) ms. The lactate concentration is low (< 1 mM) in normal tissue, the signal 

being barely detectable. 

 

Figure 4.7 Stack of in vivo data for PRESS (32,22) and (32,80) ms echo times with 32 and 64 averages 
respectively. The data has been apodized with 1 Hz exponential filter. The voxel size of 20 x 20 x 20 mm3 

with TR = 2 sec is used for data acquisition. 
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4.3.3 Tumor Lesion Spectra 

Figure 4.8 shows a tumor spectrum with PRESS = (32,22) and (32,80) ms. A tumor spectrum 

shows an increase in Cho and Lac and decrease in Cr and NAA compared to the normal tissue spectra. 

The Lac appears to be inverted at PRESS (32,80) ms, consistent with the numerically calculated 

simulated spectra and the phantom data. The data also indicated Gln increase and in certain cases Gly 

increase in tumors. The spectra that are shown in Figure 4.8 are normalized with respect to Cho peak. 

Normalizing with respect to water is used sometimes to compare spectra from different patients. But noise 

in tumor varies among patients depending upon tumor lesion characteristics. Thus using noise as a 

normalizing factor can lead to ambiguous results for direct comparison among different patients. 

 

 

 

 

Figure 4.8 Tumor spectrum at PRESS (32,22) and (32,80) ms with 32 and 64 averages respectively. The 
data has been apodized with 1Hz exponential filter and normalized with respect to the choline peak. The 

data were acquired at TR = 2 sec and a voxel size of 20 x 20 x 20 mm3. 
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An LCModel fit comparison between the normal and tumor tissue is shown in Figure 4.9 for one 

subject. The fit clearly indicates the increase in Cho, Lac, Gln, Gly and Lip and decrease in Cr, NAA and 

Glu of the tumor tissue compared to the normal tissue. The changes of the tumor tissue from the normal 

tissue were validated by the concentration ratios. [GPCPC]/[Cr], [GPCPC]/[NAA], [Gln]/[Glu], [Cho]/[Gly], 

[Cho]/[Lip] and [Cho]/[Lac] for the tumor tissue were 0.35, 0.81, 1.01, 0.35, 0.51 and 0.06, respectively; 

for the normal tissue, [GPCPC]/[Cr], [GPCPC]/[NAA] and [Gln]/[Glu] were 0.11, 0.07 and 0.33 

respectively. [GPCPC]/[Gly] and [GPCPC]/[Lac] were difficult to quantify for normal tissue but the 

concentration ratio typically for both of them in vivo were ~1.5. The LCModel fit showed that, at the 

PRESS (32,22) ms, the signal at 1.3 ppm was dominated by lipid signals. It was difficult to spectrally 

differentiate the Glu and Gln at this echo time. PRESS (32,80) ms showed the inverted lactate signal and 

better differentiated the Glu and Gln signals.  

 

Figure 4.9 LCModel fit of tumor and normal tissue for PRESS(32,22) and (32,80) ms with a TR of 2 sec 
and number of averages as 32 and 64 respectively. A 0.5-4 ppm range was used for the fitting. 
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4.3.4 Comparing various tumor types 

MR Spectroscopy of the three major brain tumors low grade gliomas (LGG), anaplastic 

astrocytomas (AA) and glioblastoma (GBM) are shown in Figure 4.10. The three grades of brain tumor 

have different metabolite characteristics that can be differentiated through the spectroscopy studies.  

 

Figure 4.10 Spectrum for PRESS (32,80) ms for the three tumor types. The data has been normalized 
with respect to the choline peak. Some of the peculiarities of GBM patients compared to the other tumor 

type are the increase in lactate, alanine and in certain cases glycine elevation. 

 
The characteristic of some GBM pre-treatment patients was Gly and Lac elevation. Figure 4.11 

shows the LCModel fitting for the three grades of tumor. The calculated [Cho]/[Cr] ratio was higher in 

GBM patients as compared to the LGG patients. Some patients in AA showed [Cho]/[Cr] ratio same as 

the normal tissue but elevated [Cho]/[NAA] ratio as shown in Figure 4.11. [Gln]/[Glu] for all the three 

tumor types was significantly elevated. [Cho]/[Gly] and [Cho]/[Lac] was smallest in the case of GBM 
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patients indicating elevation of glycine and lactate, respectively in GBM patients, as Cho is elevated in all 

the three tumor types to the same extent. The other thing observed was the [Cho]/[Ala] elevation seen in 

the GBM patients, while alanine could not be detected in the AA, LGG and the normal tissue. 

 

 

Figure 4.11 LCModel fit for the three grades of tumor for PRESS (32,80) ms echo time. The [Cho]/[Lac], 
[Gln]/[Glu] & [Cho]/Gly] for Low Grade, Anaplastic Astrocytoma and GBM were 2.15, 1.48 & 0.06; 1.97, 

0.32 & 1.01 and ∞, ∞ & 0.35 respectively. The data has been normalized with respect to the choline peak. 
 

4.3.5 Comparison between short TE (54 ms) and long TE (112 ms) 

Figures 4.12 and 4.13 show the concentration ratios of various metabolites for both PRESS 

(32,22) and (32,80) ms. The patients that had undergone all treatment and were showing no residual 

mass or progression in comparison with normal tissue spectrum characteristics were not included for 
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the estimates calculated by LCModel fitting. CRLB indicating  fit errors less than 20% were included for 

calculation.  

For PRESS (32,22) ms, [Cho]/[Cr], [Cho]/[NAA], [Cho]/[Glx], [Cho]/[mIns] and [Cho]/[Lip +Lac] 

were calculated. Glu, Gln and Lac cannot be spectrally resolved at short echo time. Thus their composite 

signals (i.e., Glu+Gln and Lip+Lac) were estimated.  

 

 

Figure 4.12 Calculated ratios (Mean±SD) for major metabolites. The ratios showed an increase in 
[Cho]/[Cr], [Cho]/[NAA], [Cho]/[Glx] and [Cho]/[mIns] with a decrease in [Cho]/[Lip+Lac]. None of the 

calculated ratios showed a significant increase or decrease between the tumor type or the normal tissue. 
(*, p<0.05 compared to normal by Tukey’s test). Glx = Glu+Gln. 

 
The calculation of concentration ratios for PRESS (32,22) ms show the significant elevation of 

[Cho]/[Cr] in GBM and AA patients as compared to normal tissue. [Cho]/[NAA] was significantly elevated 

for GBM and LGG. AA was also elevated but was not significant. [Cho]/[mIns] was significantly elevated 

in GBM patients while [Cho]/[Lip+Lac] was significantly lower for GBM patients. [Cho]/[Glx] was 
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significantly higher for GBM, AA and LG patients as compared to the normal tissue. [Cho]/[Glx] ratio was 

observed to decrease with grade of tumor due to Glx elevation.   

 

Figure 4.13 Comparing concentration ratios (Mean ± SD) of various metabolites for LG, AA, GBM and 
normal tissue. The calculated ratios indicate a significant increase in [Cho][Cr], [Cho]/[NAA], [Gln][Glu], for 
the tumor tissue as compared to the normal tissue. [Cho]/[Gly] was significantly reduced for GBM patients 
due to elevation of Gly. Gly could not be detected from the normal tissue. [Cho]/[Lac] due to elevation of 

Lac was reduced for GBM as compared to other two tumor types and the normal tissue but was not found 
to be significant. [Cho]/[Ala] was measured only for GBM patients. Ala was not detectable otherwise.(*, p 

< 0.05 compared to normal by Tukeys test). 

 

The long echo time is able to differentiate the Gln and Glu signals as well as the Lac signal. 

[Gln]/[Glu] was observed to increase significantly in all three tumors as compared to the normal tissue. 

[Cho]/[Lac] was observed to reduce for GBM patients due to elevation of lactate but was not found to be 

significant. [Cho]/[Gly] was not calculable from the normal tissue due to its relatively lower concentration 

of Gly but reduced significantly in GBM compared to LGG and AA due to Gly elevation. [Cho]/[Ala] was 

calculable in GBM patients only. Ala was not elevated in other tumor types and normal tissue. Increase in 

*
*

*

*

*

*
*

*

*

(N = 4)



 

35 
 

[Cho]/[Cr], [Cho]/[NAA] and [Cho]/[mIns] are in agreement with detected increase of ratios at short echo 

time.  

 

4.3.6 Metabolite ratios with respect to water 

Figure 4.14 shows the concentration ratios of various metabolites with respect to water. The 

water signal concentration was calculated from the short TE/long TR, a single average STEAM data. 

Peak area was calculated for the fully recovered water signal to measure the exact water concentration 

within the voxel (the data was not T2 corrected). Voxel size the same as the PRESS data was used for 

the data acquisition. LCModel signal intensity for the metabolites was divided by the water peak area to 

obtain the concentration ratios of the metabolites with respect to water. The results were tabulated to 

observe individual metabolic characteristics with tumor grade. The results have a huge standard deviation 

due to the heterogeneity of the tumor mass. The results obtained showed significant greater [Gln]/[water] 

in tumors than normal brain tissue increasing with grade of tumor. [Glu]/[water] was significantly less in 

LGG compared to normal tissue. [Glu]/[water] was observed to increase with tumor grade but was less 

than normal for all tumors. [Gly]/[water], [Lac]/[water] and [Lip][water] also increased significantly with the 

tumor grade with respect to normal tissue. [mIns]/[water] and [Cr]/[water] did not show any significant 

change, though LGG trended less than others. [Cho]/[water] and [Ala]/[water] were significantly higher in 

tumors and [NAA]/[water] was significantly lower in tumors than in normal brain tissue.    
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Figure 4.14 Metabolite signal ratio (Mean±SD) with respect to water signal (ratio in arbitrary unit). STEAM 
unsuppressed water signal (TE/TR=13/20000 ms) was used as a reference (*, p<0.05 compared to 

normal by Tukeys test). 

 
4.3.7 Treatment Effect 

Treatment had a widespread effect on metabolites. Radiation effects on Cho and NAA have been 

reported previously. Recurrence of brain tumors is one of the major concerns, so part of the study was 

also to evaluate the patients that have undergone a prior surgery and are more than a year out of any 

kind of treatment. Some patients after the surgery indicated residual mass, some showed progression 

post-treatment and some did not show any recurrence of tumor. Figure 4.15 shows the plot of various 

subjects undergoing treatment, post-treatment showing progression, residual mass but no tumor and no 

residual mass and progression. Subject 1 and 2 in the Figure 4.15 had scans prior to treatment and after 

the radiation therapy and bevacizumab. There are changes in the concentration ratios of [Cho]/[Cr], 

[Cho]/[NAA], [Cho]/[Gly], [Cho]/[mIns] and [Cho]/[Lac], as shown in Table 4.3.  

The other purpose was to see if they had any residual tumor mass left after the surgery and 

radiation therapy. The concentration ratio of such patients showed [Cho]/[Cr], [Cho]/[NAA], [Gln]/Glu] and 
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[Cho]/mIns ratios approximately equal to those in normal tissue, see Table 4.3. The concentration ratio of 

[Cho]/[Gly], [Cho]/[Lac] and [Cho]/[Lipid] were not measurable for such patients.  

Figure 4.16 shows the LCModel fitting for the subject 1 and Table 4.4 showing concentration 

ratios calculated from the LCModel fitting. The patient showed low [Cho]/[Gly] (elevation in Gly) prior to 

treatment. This increased (reduced Gly) after the radiation therapy while after the bevacizumab treatment 

the Gly level became normal. The same observation was seen for other two patients. On the other hand, 

the [Cho]/[Lac] was high (smaller Lac) prior to treatment, but reduced (increase in Lac) after radiation and 

increased (decrease in Lac) after the Bevacizumab treatment.  

 

Table 4.3 Mean±SD of the concentration ratios for the metabolites, showing the treatment effect. 

 

 Cho/Cr 
 
Cho/NAA 
 

 
Gln/Glu 
 

 
Cho/Gly 
 

Cho/mIns Cho/Lac Cho/Lip 

(Mean±SD) 

Pre-Treatment 
(N=4) 

0.40±0.10 0.61±0.32 0.89±0.10 0.21 0.25±0.01 1.03±0.73 0.16±0.14

Post-Radiation 
(N=4) 

0.34±0.13 0.48±0.28 0.77±0.31 0.30±0.08 0.28±0.17 0.40±0.64 1.02±1.59

Post-
Bevacizumab 
(N=3) 

0.26±0.13 0.36±0.24 0.72±0.82  0.35±0.05 0.41±0.32 0.53±0.45

Post-Treatment 
(No Residual 
tumor mass 
and 
progression) 
(N=5) 

0.17±0.02 0.15±0.03 0.39±0.13 - 0.18±0.05 - - 

Normal (N=12) 0.14±0.02 0.10±0.02 0.37±0.11 - 0.14±0.03 0.71±0.07 1.08±0.43

 



 

38 
 

 

Figure 4.15 Various treatment effects on the subject for PRESS (32,80) ms data. Subjects 1 and 3 
showed an increase in lactate and decrease in glycine. Subject 4 and 5 showed progression a decrease 
in [Cho]/[NAA] ratio post-treatment due to residual tumor mass. Subject 5 and 6 showed no progression 
more than a year of any kind of treatment.  Subject 6 and 7 are examples of the patients that are out of 

any kind of treatment for more than a year. 
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Figure 4.16 LCModel fitting for subject-1 showing treatment effect. The [Cho]/[Gly] ratio increased in 
subsequent scans (with no glycine detected for the scan done after Bevacizumab treatment. The 

[Cho]/[Lac] decreased after radiation while it increased after Bevacizumab treatment. [Cho]/[NAA] and 
[Cho]/[Cr] decreased with the treatment. 

 

Table 4.4 Metabolite concentration ratios for subject-1 showing treatment effect. 

 Cho/Cr Cho/NAA Gln/Glu Cho/Gly Cho/mIns Cho/Lac Cho/Lip 

Pre-treatment 0.54 1.07 1.01 0.22 - 0.58 0.26 

Post-Radiation 0.35 0.81 1.01 0.35 0.30 0.07 0.27 

Post- Bevacizumab 0.32 0.88 1.34 - 0.38 0.50 0.69 
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CHAPTER  5 

DISCUSSION 

The study demonstrates the metabolic characteristics of the three major tumor types, low Grade, 

anaplastic astrocytoma and glioblastoma, among themselves and with respect to normal tissue.  

 

5.1 Comparing Short vs. Long Echo time 

The short echo time data, PRESS (32,22) ms, are not able to resolve glutamate (Glu) and 

glutamine (Gln) peaks very well due to their extensive spectral overlap [35]. Long-echo PRESS (32,80) 

ms has the advantage of better quantifying the Glu and Gln. This echo time pair provides improved 

spectral resolution despite the signal reduction due to relaxation effects [36]. The C4-proton spins of Glu 

and Gln gives peaks at 2.35 and 2.4 respectively. Macromolecules at short echo time also make 

quantification of these metabolites elusive.   

Also, the long echo time in the study was useful for detection of lactate (Lac) and alanine (Ala). 

Lac and Ala peaks are overlapped by the lipid signals at the short echo time. Lipid (Lip) signals are 

substantially reduced at longer echo time due to the shorter T2. Lac and Ala, having almost similar J-

coupling effects (J ~ 7 Hz), are inverted at this echo time [37]. Thus due to the significant reduction of Lip 

signals and inversion of Lac and Ala signals, PRESS (32,80) ms may be an ideal echo time for their 

quantification.  

   

5.2 Comparing Tumor types 

1H (Proton) MR spectroscopy is considered to be one of the safest ways of non-invasively 

studying the tumor metabolism[17]. Assessment of metabolic differences between various tumor types 

and thus helping in categorizing various tumor grades by 1H MR spectroscopy hold keen interest and 

have previously been reported [13]. In this study we evaluated the biochemical information of three major 



 

41 
 

grades of gliomas, i.e low grade gliomas (LGG), anaplastic astrocytomas (AA) and glioblastoma 

multiforme (GBM). The elevation of glutamine, glycine and alanine has been the hallmark of the study.  

[Cho]/[Gly] calculated from LCModel was decreased significantly in GBM patients as compared to 

AA and but was not significant with LGG. The reduction in the ratio indicated the elevation of Gly as Cho 

is elevated in all the three tumor types. Recently Gly as a biomarker of malignancy in childhood brain 

tumors was reported to be elevated in in-vitro studies as well [27, 38]. In our study, adult brain tumors 

also indicated elevation of Gly in most malignant GBM (Grade IV). Glycine is an intermediate of the 

glycolytic pathway [26]. Active anaerobic glycolysis is a hallmark of most malignant brain tumors. Thus 

Gly could be a potential marker of malignancy. Significant Gly elevation was seen in patients scanned 

pre-treatment compared to those scanned after treatment. Treatment had a significant impact on Gly 

concentration leading to a large standard deviation in [Cho]/[Gly] and [Gly]/[water] estimation.  Further 

study of treatment effects on Gly levels is required. Optimizing the echo time for glycine detection can be 

also of great interest. This could be helpful in cases of patients having large lipid signal giving baseline 

distortions. Such complexities can make quantification of low concentration metabolites difficult [41].  

[Cho]/[Ala] elevation was calculable only in GBM patients and was not detectable in the other two 

tumor types and normal tissue. It has been hypothesized that elevation of alanine is due to partial 

oxidation of glutamine rather than glycolysis [39]. Alanine and lactate may be the end-products of 

glycolysis involving glutamine and glucose. The patients that showed an increase in lactate also showed 

a relative increase in alanine. Other studies also suggested an increase Ala in meningiomas but not in all 

the patients [17, 40]. The elevation of Ala in our study also was not seen in all the patients.  

[Cho]/[Glx] for PRESS (32,22) was highest for low grade patients and was seen significantly 

increased compared to the normal tissue. The ratio reduced with increase in grade of tumor but was not 

statistically significant. Glx increase in meningiomas has previously been reported [16, 41]. Glx has been 

hypothesized as a substrate of energy production. [Gln]/[Glu]  was observed, at PRESS (32,80), to be 

significantly increased in tumors. Glutamine has recently been proposed as a source of energy for 

proliferating cells. It is likely that glutamine aids in growing tumors along with glucose. Glutamine and 

glucose are thought to be primary nutrient inputs and biomass (proteins, nucleic acids) as primary output, 

with lactate, alanine and ammonia as by-products [26].  
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 [Cho]/[Cr] was seen to increase significantly in brain tumors compared to normal tissue. It was 

seen to increase from LG to AA, but was seen to decrease from AA to GBM with the changes not 

significant. Such a trend of [Cho]/[Cr] has been seen in other studies [42]. Cho is a biomarker of cell 

density and membrane turnover, both of them increase in tumors [46]. Cr reduces significantly in tumors 

as compared to normal tissue. Reduced Cr is a feature of meningiomas, high grade gliomas and 

metastases [17, 42-43].  Tumor metabolism in reduction of Cr is still unclear. [Cho]/[NAA] increases 

significantly in tumors due to increase in Cho and reduction in NAA. As all brain tumors are of non-

neuronal origin, NAA is observed to reduce and in certain cases is completely absent [13]. [Cho]/[Lac] is 

seen to reduce in tumors significantly due to huge elevation in Lac signals in brain tumors. Lac is also 

used as an indicator of malignancy. Increase in lactate is primarily due to increased anaerobic glycolysis 

or reduced clearance of Lac in the necrotic regions [21]. [Cho]/[mIns] increased in tumors but was not 

significant. It has been reported that mIns increases in gliomas, especially in LG astrocytomas [44]. Such 

a conclusion is difficult to draw as the increase was not significant and can be attributed to increase in 

Cho or due to decrease in mIns.        

 

5.3 Comparing Tumor types with water as internal standard 

Using external water with known concentration has been used as a standard to calculate the 

absolute value of metabolites [45]. The relaxation time changes between the normal and tissue mass was 

not taken into account. When an external standard outside the head is used, it leads to variations in 

signal amplitude due to B1 field inhomogeneity [45-46]. One of the major advantages of using water as an 

internal standard is that it remains constant under various physiological and pathophysiological conditions 

leading to more accurate and reliable measurement [45]. STEAM sequence water signal was used to due 

minimum TE of 13 ms achievable compared to PRESS minimum TE of 54 ms. Thus T2 loss is lesser in 

case of STEAM compared to PRESS. 

The peak area from the tumor lesion and normal tissue did not show any significant change and 

thus can serve as a good standard to see the exact activity between tumor grades of individual 

metabolites. [Cho]/[water] increase in tumors confirmed elevation of Cho and a marker of higher 

membrane turnover and cell density of brain tumors. Neuron degeneration in brain tumors leads to 
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reduction of NAA thus giving significantly lower [NAA]/[water] in tumors. [Glu]/[water] reduced significantly 

in LGG compared to normal and increased with tumor grade, [Gln]/[water] also increased with tumor 

grade. The highest grade tumors being, really active, resort to glycolysis, in which Gln takes part along 

with glucose. Thus Gln is seen as a potential marker that can detect malignancy of tumors [23]. Glu 

increase with tumor is still unclear.   

Gly was significantly elevated in GBM patients as compared to LG and AA patients and was not 

detectable in normal tissue due to its low concentration. mIns helping in activation of protein C kinase 

leads to production of proteolytic enzymes and is found more in aggressive tumors [42]. It has previously 

been reported that mIns is elevated in LG patients and reduces in most aggressive of tumors [17]. This 

was contradictory to the measurement we made. [mIns]/[water] significantly reduced from the normal in 

LG and steadily increased in aggressive brain tumors. This could possibly be due to long TE leading to 

rapid signal decay of mIns leading [7]. [Lac]/[water] was highest for GBM, suggesting an elevation of Lac 

as a characteristic of high grade gliomas and active tumors resorting to glycolysis.  

T2 of water is changed relatively in tumor as compared to normal tissue. It has been reported that 

water signal T2 increases by a factor of two tumor lesions [47]. Considering water T2 getting doubled in 

case of tumor patients the peak area calculated from the tumor mass is underestimated by ~2.5% for 

STEAM sequence of TE=13 ms. However, in the present study, the apparent T2 of some of the major 

metabolites that were calculated did not change by more than 5% except in the case of glutamate that 

has a change of approximately 10%. With the assumption that the T2 of water signal changed two fold 

and the metabolite T2 remained the same, the metabolite concentration is underestimated by almost 19%. 

T1 effect was not taken into consideration as water T1 is longer in tumor compared to normal [48]. There 

is no data available showing increase in T1. Thus the effect of T1 was not taken into consideration 

assuming they do not change.  

The ratios that are calculated for PRESS (32,22) and (32,80) for both metabolites with respect to 

each other and water as an internal standard show huge standard deviation (SD). One of the reasons is 

that the subjects were not divided into groups i.e. pre-treatment, post-treatment, post-radiation, post-

bevacizumab, patients showing progression and patients showing absolute normal spectra with no 

progression were all kept in one group. Treatment as shown in Table 5.3 causes large variations in 
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metabolite ratios causing a huge variation when all are treated as one group. The unregulated growth of 

tumor makes it very heterogeneous. For some of the patients the tumor progresses quite a bit in their 

follow-up scan, leadign to huge variations in the metabolite concentration ratio for the same patient. The 

scans from the cystic or the necrotic regions are sometimes right at the edge of the brain, which causes 

bad shimming. This can cause the FWHM to increase making the quantification of metabolites, especially 

mIns, Gly, Glu and Gln very difficult. Also subject movements can lead for the voxel to displace motion 

artifact. However, this was to some extent mitigated by block averaging and frequency shifting using 

reference peaks. Sometimes the lesion is so small that with the conventional voxel size it includes normal 

tissue. Finally it has been reported to be difficult to reproduce the tumor grading by histology [17].  

                    

5.4 Radiation effect on tumor lesion  

The effect of radiation on Cho and Lac has previously been reported. It has been observed that 

therapy leads to reduction of Cho and increase in Lac [49]. The patients that were scanned post-radiation 

showed significant reduction in [Cho]/[Cr], [Cho]/[NAA], [Cho]/[Gly] and [Gln]/[Glu] as compared to pre-

treatment scans. Increase in [Cho]/[NAA] after radiation therapy observed in previous studies was 

contradictory to reduced [Cho]/[NAA] observed in our study [50]. That radiation leads to neuron 

degeneration has previously been proposed [53], but was not seen in our study. Cho decrease after 

treatment could be due to tumor cell death, reducing the cell density of brain tumors. Significant reduction 

of Gln/Glu after post-radiation could indicate radiation slowing cell proliferation in which Gln takes part. All 

the above mentioned metabolites reduced after the bevacizumab treatment, further suggesting the death 

or reduction of tumor cells. One of the most interesting observations was of [Cho]/[Gly]. Gly after 

bevacizumab treatment was not detectable. Gly reduction after treatment is  unclear. This observation 

could be of some clinical significance, as this could help in treatment planning and monitoring the effect of 

drugs on tumor metabolism. [Cho]/[Lac] significantly reduced from pre-treatment to post-radiation, an 

effect that has been previously seen as well [50-51]. Why the occurrence of elevated Lac after radiation is 

not clear. One of the assumptions is that radiation causes a region of hypoxia that leads to increased 

anaerobic glycolysis forming Lac; another is that it could be due to reduced clearance rate in the cystic 
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regions. This Lac elevation was reduced after the bevacizumab treatment, but was not significant. The 

reason for decrease in Lac after bevacizumab is still unclear.  

One of the other goals of the study was to observe patients post-treatment to see any kind of 

progression. All the metabolite concentration ratios from these patients were close to normal. This was 

indicative of the tissue showing no progression and possibly successful surgery and treatment.  

 

5.5 Conclusion 

Magnetic resonance spectroscopy can detect some distinct differences between the three tumor 

grades: low grade, anaplastic astrocytomas, and glioblastoma. Short echo time and long echo time data 

showed significant differences in metabolite concentration estimation. Combining both the echo times 

could be of more diagnostic use as compared to using one echo time only. Long echo time data was 

useful in studying metabolites such as Gly, Glu, Gln and Lac signals. Gln, a metabolite identified to 

support tumor cell proliferation, increased in brain tumors, supported by significant elevation of [Gln]/[Glu] 

and [Gln]/[water] in tumors compared to normal tissue. Glycine can also be considered to be a marker of 

malignancy in brain tumors, but more experiments need to be done to confirm the finding. Optimizing the 

echo time for detection of Gly can help provide useful results. [Cho]/[Cr], [Cho]/[NAA] and [Cho]/[mIns] 

increased in brain tumors. Lac and Ala, end-products of anaerobic glycolysis, increased in the most active 

of brain tumors (GBM). Hypoxic stress has shown to increase the lipid signals in in-vitro studies. Thus 1H 

MRS can help quantify lipid signals and the growth and malignancy of tumors. Gln, Gly or Ala can help us 

draw conclusions and can potentially be used to grade tumors non-invasively.  

Treatment had a significant impact on metabolite levels, especially on Gly and Gln. [Cho]/[Gly] 

and [Gln]/[Glu] were observed to reduce significantly after the bevacizumab treatment. Radiation therapy 

is thought to create a region of hypoxia, thus increasing Lac and Lip signals in the tumor lesion and 

regions surrounding them. This can help in monitoring various treatment effects or possibly how treatment 

targets the tumor cells. This can help make a targeting pathway through which the tumor cells can be 

killed at an earlier stage without the tumor progression to a higher grade. The data were obtained from a 

limited number of patients. Further MRS study on patients that have a pre-treatment scan and then 

undergo the same treatment can be of great clinical significance. 
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APPENDIX A 

SOME IMPORTANT CHEMICAL SHIFTS AND COUPLING CONSTANTS 
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Table A.1 Proton chemical shift constants and J-coupling values. [7] 

Compound Group Shift (ppm) in H20 J (Hz) 
NAA 2CH3 

2CH 
3CH2 

2.008 
4.3817 
2.6727 
2.4863 

3.861 
9.821 

-15.592 
Acetly moiety 

Aspartate moeity 
 

Alanine 2CH 
3CH3 

3.7746 
1.4667 

7.234 
-14.366 

Choline N(CH3)3 
1CH2 
2CH2 

3.18 
4.0540 
3.5010 

None 
3.140 
6.979 

Creatine N(CH3) 
2CH2 
NH 

3.0260 
3.9110 

None 
None 
None 

Glutamate 2CH 
3CH2 

 
4CH2 

3.7433 
2.0375 
2.1200 
2.3378 
2.3520 

7.331 
4.651 

-14.849 
8.406 
6.875 

Glutamine 2CH 
3CH2 

 
4CH2 

3.7530 
2.1290 
2.1090 
2.4320 
2.4540 

5.849 
6.500 

-14.504 
9.165 
6.374 

Glycine 2CH2 3.5480 None 
Myo-Inositol 1CH 

2CH 
3CH 
4CH 
5CH 
6CH 

3.5217 
4.0538 
3.5217 
3.6144 
3.2690 
3.6144 

2.889 
9.998 
3.006 
9.997 
9.485 
9.482 

Lactate 2CH 
3CH3

4.0974 
1.3142 

6.933 
 

Phosphocreatine N(CH3) 
2CH2 
NH 
NH 

3.0290 
3.9300 
6.5810 
7.2960 

None 
None 
None 
None 

Phosphorlycholine 1CH2 

 

 

 
2CH2 

 

 
N(CH3) 

1CH2 

 

 

 

4.2805 
 
 
 

3.6410 
 
 

3.2080 
3.9765 

 
 
 
 

2.284 
7.231 
2.235 
7.326 
2.680 
2.772 
6.298 
6.249 
3.182 
7.204 
6.716 
2.980 
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