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Abstract 
 

Implementation of Parallel Imaging Techniques for Lipid Unaliasing and Faster 

Acquisition for Improving Spatial Characterization of Magnetic Resonance 

Spectroscopic Imaging of Gliomas 

by 

Esin Ozturk Isik 

 

 Magnetic resonance imaging (MRI) tools have been commonly utilized in the 

management of patients diagnosed with gliomas. Functional and metabolic MRI 

techniques have been proposed to add information regarding the tissue characteristics and 

biochemistry for better tumor localization, treatment planning and follow up of the 

disease. Magnetic resonance spectroscopic imaging (MRSI) is a metabolic imaging 

technique used to analyze brain tissue chemistry.   

 MR spectroscopic and diffusion imaging were utilized to study the spatial 

characteristics of grade 3 gliomas. The contrast enhancing regions appeared to be the 

most malignant tumor area in contrast enhancing patients, and choline to NAA index 

(CNI) greater than four regions appeared to be the most malignant focus in the non-

enhancing patients. 

 The presence of lipids within MR spectra in sub-regions of tumor may indicate 

cellular membrane breakdown due to cell death. Another potential source of lipids is 

from subcutaneous fat that may be aliased into the spectral field of view due to chemical 

shift artifact and low bandwidth of the selection pulses. It is therefore important to  
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1 . Introduction 
  

 Brain cancer is a debilitating disease with median survival of about 1 year for the 

highest grade lesions (1). The incidence rate of brain tumors is increasing with an 

estimated 20,500 new cases of primary brain tumors detected each year in the United 

States alone (1). Ninety percent of primary brain tumors in adults older than 45 are 

gliomas, which originate from the glial cells that are the support cells for neurons. 

Gliomas usually infiltrate into the adjacent normal brain tissue, making it impossible to 

demarcate their margins. Improved localization and characterization of brain tumors 

are vital for selecting the most effective treatment, which includes surgical resection, 

radiation therapy and chemotherapy, and guiding the extent and/or focus of the 

therapy.  

 Magnetic resonance imaging (MRI) is the most commonly used clinical imaging 

technique for localizing brain tumors. Pre- and post-contrast T1 weighted imaging and 

T2 weighted fluid attenuated inversion recovery (FLAIR) are the two common types 

of magnetic resonance (MR) imaging sequences  used for tumor localization. Tumor is 

usually seen as a hypointense area in the T1-weighted images before the intravenous 

injection of a contrast agent, such as gadolinium diethyltriaminepentaacetic acid (Gd-

DTPA). After the contrast administration, Gd-DTPA can leak into the areas of the 

brain where the blood-brain barrier (BBB) is disrupted, resulting in hyperintense 

regions due to the shortening of T1 of the tissue. T2 weighted FLAIR images reveal 

hyperintensity in areas of tumor, edema and necrosis due to increased water content. 

Although these MR images are highly sensitive in tumor detection, the true margin of 
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tumor border may be difficult to assess especially in infiltrative tumors such as glioma. 

In addition to having poorly defined margins, gliomas are known to be heterogeneous, 

and it is important to predict the most malignant portion of the lesion to direct surgery 

or radiation therapy. It is also necessary to identify tumor regions that extend beyond 

contrast enhancement or T2 hyperintensity, in order to take them into account for 

treatment planning. 

 Molecular imaging techniques have been proposed to provide information that 

will help in better localizing and characterizing gliomas. Volumetric MRI and three 

dimensional MR spectroscopic imaging (3D-MRSI) are non-invasive techniques that 

provide both high resolution anatomical images of the brain and metabolic maps for 

better tumor localization and quantitative assessment of the brain metabolism. The 

combination of MRI and MRSI has been suggested as being more effective in tumor 

localization, staging, assessment of progression and treatment planning and response 

than MR imaging alone. Long echo time 3D-MRSI provides arrays of spectra for in 

vivo brain applications that are characterized by three major metabolite peaks in 

healthy brain tissue: namely the singlets of choline (Cho), total creatine (Cr) and N-

acetyl aspartate (NAA). An increase in the level of choline provides a marker for 

excessive cell growth or cell membrane turnover. The peak due to creatine and 

phosphocreatine reflects bioenergetics processes due to their role as a phosphate 

recipient or donor for ATP or ADP, and is thought to represent the energetic status of 

the cell. NAA is the most abundant amino acid in brain that is synthesized in neurons, 

and is hypothesized to have a role in the removal of intracellular water from neurons. 

NAA is an indicator of the neuronal viability that is usually observed to be smaller in 
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the tumors than in the areas of normal brain. Singlet lipid and doublet lactate peaks are 

two other resonances that can be observed in the disease state. Lactate is a byproduct 

of anaerobic glycolysis, and is expected to be present in areas with poor oxygenation. 

Lipid is present in the lipid bilayer of the cell membrane in normal brain cells, as well 

as in the bone marrow of skull, and adipose tissue of the scalp. Lipid that is observed 

in the spectra may indicate cellular membrane breakdown due to necrosis.  

 The wider availability of high field scanners and multi-channel radiofrequency 

(RF) surface coils have increased the sensitivity and accuracy of MR imaging and 

spectroscopy of brain tumors through higher signal-to-noise ratio (SNR) and improved 

spectral resolution. Increased spectral dispersion at high field results in less overlap 

between different peaks and simplifies the appearance of the spectrum. Besides the 

increase in SNR due to the higher field strength, surface coils receive the MR signal 

from a smaller area and at a closer distance to the anatomy thereby decreasing noise 

and resulting in higher SNR. Increased SNR can also be projected to improved spatial 

or temporal resolution. An issue to be addressed concerning the surface coils is their 

inhomogenous reception profile which drops sharply with the distance to the coil. 

Reconstruction of MR image or spectral data acquired with multi-channel RF coils 

requires a weighted combination algorithm that takes into account the spatially varying 

coil sensitivity profiles. These coil sensitivity maps can be acquired as low resolution 

proton-density weighted MR images of the anatomy of interest from each coil element 

using a fast imaging sequence and then incorporated into the reconstruction routines.  

 The goal of this project was to apply magnetic resonance imaging and 

spectroscopic imaging techniques to understand the characteristics of gliomas and 
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produce new means of acquiring and reconstructing spectroscopic data for faster and 

more accurate imaging. This thesis is divided into eight main chapters consisting of 

Chapter 2, which provides background material for brain anatomy and tumors and 

MR imaging and spectroscopic imaging principles; 

Chapter 3, which explains the application of MR imaging and spectroscopic imaging 

tools to understand the regional characteristics of Grade 3 gliomas (2); 

Chapter 4, which describes a novel application of a parallel imaging technique called 

SENSE to reduce the lipid contamination in spectral images for more accurate 

quantification (3); 

Chapter 5, which details the acquisition and reconstruction of fast spectroscopic 

images using the SENSE theory and its application to gliomas and compares the 

results to the clinically accepted fast ellipsoidal spectroscopic imaging (4,5); 

Chapter 6, which describes simulation studies of two novel fast spectroscopic data 

acquisition and reconstruction methods called ellipsoidal SENSE and ellipsoidal 

GRAPPA based on the combination of ellipsoidal sampling and two parallel imaging 

theories (6); 

Chapter 7, which describes the clinical application of the ellipsoidal SENSE method 

for acquiring three dimensional spectroscopic imaging of the brain tumor patients in 

less than five minutes, and compares it to the clinically accepted ellipsoidal 

spectroscopic imaging (7,8); and 

Chapter 8, which summarizes all the results of this study, its impact on clinical patient 

management and proposes future work that may be relevant.  
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2 . Background 
 

 This chapter provides basic information about neuroanatomy and brain tumors 

followed by a review of the fundamental principles of magnetic resonance imaging 

(MRI) and magnetic resonance spectroscopic imaging (MRSI). The application of MRI 

and MRSI for imaging brain tumors is also discussed. 

   

Neuroanatomy 
 

Brain Gross Anatomy  
 The brain is the most important organ of our body despite its small size of only 

around 1400 grams. It controls our thoughts, memory, emotions, motor activities, and 

many body processes. The brain is highly vascular receiving 25% of the cardiac output 

and 1000 cc blood through the brain arteries every minute. The brain is composed of 3 

main sections; the cerebrum, cerebellum and the brain stem. The cerebrum is divided 

into two lateral hemispheres and each hemisphere contains 4 main anatomical sections 

that are the frontal lobe, parietal lobe, occipital lobe and the temporal lobe. Figure 2.1 

shows the main anatomical structures of the brain.  

 The frontal lobe is located anterior to the central sulcus, and is the center for 

higher cognitive functions like emotions, behavior, planning, and problem solving. 

The frontal lobe hosts the primary motor area and premotor area that control 

movement.  Another important area of the frontal lobe is the Broca’s area, which is the 

motor area for speech. 
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Figure 2.1. Main anatomical sections of the brain. Adapted from Canadian Institutes of 
Health Research: Institute of Neurosciences, Mental Health and Addiction, 
http://thebrain.mcgill.ca/flash/a/a_01/a_01_cr/a_01_cr_ana/a_01_cr_ana.html (9). 
 

 Two parietal lobes are located between the frontal lobe and occipital lobe 

posterior to the central sulcus on the two hemispheres of the brain.  The parietal lobe 

hosts the primary sensory area that controls the general body sensation. Two temporal 

lobes are located ventral to the lateral fissure. The temporal lobe hosts the gyri of 

Heschl, which is the primary auditory area and the Wernicke’s area, which is involved 

in the comprehension of spoken language. The occipital lobe is located at the posterior 

side of the brain, and it hosts the primary visual area.  

 The cerebellum is located between the occipital lobe and the brain stem, and takes 

a role in the initiation, control and integration of motor activity, as well as the balance 

and posture. The cerebellum is also thought to take part in the modulation of thought, 

planning, learning, memory and language. The brain stem is the lower part of the brain 

adjoining the spinal cord. The brain stem is divided into three main sections called the 

midbrain, pons and the medulla oblongata. The midbrain is located at the rostral part 
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of the brain stem. The midbrain is involved in functions such as the vision, hearing, 

eye movement, and body movement. The pons contains the nerve fibers connecting 

two sides of the cerebellum, and it takes a role in coordinating movements involving 

right and left sides of the body. The medulla oblongata is located adjacent to the spinal 

cord and transmits ascending and descending nerve fibers between the spinal cord and 

the brain. The medulla oblongata also controls respiration, heart contraction, artery 

dilation, sneezing, swallowing and vomiting. 

 The brain is protected by three barriers which are from outside to inside the skull, 

meninges and cerebrospinal fluid (CSF). The bony skull is the main protection against 

trauma to the brain. The meninges are composed of three layers which are the dura 

mater, arachnoid mater and pia mater. The dura mater is a tough, fibrous connective 

tissue that has three parts called the falx cerebri, tentorium cerebelli and falx cerebelli 

separating the components of the brain. The falx cerebri separates the two cerebral 

hemispheres. The tentorium cerebelli is a fold of the dura mater that is stretched over 

the cerebellum like a tent and separates the posterior part of the brain from the 

cerebellum. The falx cerebelli separates the two cerebellar hemispheres at the inferior 

surface. The arachnoid mater is the middle layer of the meninges, and the pia mater is 

a thin membrane surrounding the brain that hosts the blood vessels of the brain. The 

final barrier of the brain is the cerebrospinal fluid, which is a clear and colorless fluid, 

which protects and cushions the brain. The CSF collects the waste from the nerve and 

glial cells and also maintains the composition of the extracellular fluid of the brain. 

Another role of the CSF is the transmission of hormones and neurotransmitters.   
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Cell Types of the Brain  
 Nerve and glial cells are the two main groups of cells found in the brain. The 

nerve cells, or neurons, are the structural and functional unit of the nervous system. 

The glial cells are the metabolic and structural support unit of the nervous system. It is 

estimated that there are 10 times as many glial cells as the neurons (10). A neuron has 

a cell body and its processes which are called axon and dendrites, respectively. The 

neuronal cell body sizes vary from 4 to 125 µm depending on the location of the nerve 

cell (10). The axon and dendrites take parts in the conduction of electric impulses via 

ion movement between neurons, supplying the network of communication.  

 The glial cells are grouped into four types, which are the astrocytes, 

oligodendrocytes, ependymal cells and microglia. The astrocytes are the largest glial 

cells and their processes attach to and completely cover the outer surface of capillaries 

and the pia mater. The oligodendrocytes take a role in the production of a lipoprotein 

called ‘myelin’ that covers the axons in some nerve cells. The myelin functions as an 

electrical insulator and ensures efficient nerve conduction. The parts of the brain that 

have myelinated nerve cells appear white and are called the ‘white matter’. On the 

contrary, the cortex of the brain contains mostly the nerve cell bodies without 

myelination and appears gray. These parts of the brain are called the ‘gray matter’. The 

ependymal cells line the central canal of the spinal cord and the ventricles of the brain. 

The microglia are the macrophages of the central nervous system, and they get 

activated in the event of a destructive lesion to clean the cell debris.  
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Blood Brain Barrier 
 The blood brain barrier (BBB) is a barrier between the brain tissue and the blood 

capillaries that protects the brain by restricting the entry of molecules to the brain. This 

barrier blocks all molecules except those that cross cell membranes by means of lipid 

solubility such as oxygen, carbon dioxide, ethanol and steroid hormones and those that 

are allowed in by specific transport systems such as sugars and some amino acids. The 

blood brain barrier is composed of capillary endothelial cells with tight junctions in 

between them, capillary basement membrane and the astrocytic foot processes adjacent 

to the capillary.   

 

Brain Tumors 
 A brain tumor, which is any intracranial mass either created by an abnormal 

growth of cells that are local to the brain or by metastasizing from cancers located in 

other organs, is a life-threatening disease with an estimated 20,500 new occurrences 

every year within the United States alone (1). There is no screening system available 

for diagnosing brain tumors in the early stages. Brain tumors are typically diagnosed 

after the patient develops some symptoms including headaches, seizures, cognitive or 

personality changes, eye weakness, nausea or vomiting, speech disturbances, or 

memory loss. The survival of the patients is dependent on their age and the type and 

location of the tumor. It is estimated that approximately 12,740 people will die from 

these malignant tumors in 2007 and the median survival for the highest grade of the 

brain tumors is only a year (1). 

 Metastatic brain tumors occur in 10 to 15% of persons with cancer and are the 

most common type of brain tumors (1). Primary brain tumors originate from the cells 
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of the brain including neurons (neuroblastoma, ganglioneuroblastoma and 

ganglioneuroma), glial cells (astrocytoma, oligodendroglioma and ependymoma), 

myelin producing Schwann cells (schwannoma), meninges (meningioma), pituitary 

gland (pituitary tumors) and the pineal gland (pineal tumors). Ninety percent of 

primary brain tumors in adults older than 45 are gliomas, which originate from the 

glial cells that are the support cells for neurons. The astrocytoma that originates from 

star shaped astrocytes is the most common type of gliomas. The oligodendroglioma is 

another common type of gliomas originating from oligodendrocytes. The 

oligodendrogliomas have better prognosis than astrocytomas because they are chemo-

sensitive. Temozolomide, which is a chemotherapy drug that interferes with the DNA 

in cancer cells and prevents their growth, has been shown to prolong the survival in 

oligodendrogliomas (11).  

 The astrocytomas are histologically categorized into four grades according to 

World Health Organization (WHO) II classification system. Table 2.1 lists the criteria 

that are used for this classification. 

 

Table 2.1. WHO Classification Criteria for Astrocytomas. 
 WHO II Grade Criteria 

pilocytic astrocytoma I none of the criteria satisfied 
astrocytoma II one criterion: usually nuclear atypia 

anaplastic astrocytoma III two criteria: usually nuclear atypia 
and mitosis 

glioblastoma 
multiforme IV three or four criteria: usually nuclear 

atypia, mitosis and necrosis 
 

The pilocytic astrocytoma is slow growing and its borders are well defined. It most 

often occurs in children and it is considered benign. The grade II astrocytoma grows 
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faster than grade I tumors and its borders are usually not well defined. Grade II 

astrocytomas usually have nuclear atypia and they are non-invasive. The anaplastic 

astrocytoma grows faster than grade II tumors and it has mitosis and nuclear atypia. 

Grade III astrocytomas are invasive. The glioblastoma multiforme is the most 

malignant and invasive astrocytoma, and necrosis is the defining factor of grade IV 

astrocytomas.  

 At present, brain tumors are treated by surgery, radiation therapy and 

chemotherapy used either individually or in combination. Treating brain tumors with 

chemotherapy is difficult, because the blood brain barrier blocks the entry of most 

chemotherapeutic agents into the brain. Temozolomide is such an exception that can 

cross the BBB. Also, the blood brain barrier is broken in some tumors allowing some 

entry of the drugs. The standard treatment for grade I and II astrocytomas is surgery to 

resect as much of the tumor as possible. If there is remaining tumor or if the tumor is 

inoperable then chemotherapy and/or radiation therapy are given. For small children, 

chemotherapy is preferred over radiation therapy to avoid damage to the developing 

brain. The high grade tumors (grade III and IV) are treated with surgery followed by 

radiation therapy or a combination of radiation therapy and chemotherapy.  

 

Magnetic Resonance Imaging 
 Improved localization and characterization of brain tumors are vital for selecting 

the most effective treatment and guiding the extent and focus of the therapy.  Magnetic 

resonance imaging (MRI) is a non-invasive tomographic imaging technique that has 

been commonly used for imaging the brain tumors. Magnetic resonance imaging is 
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based on the NMR phenomenon observed in bulk matter by Felix Bloch and Edward 

Purcell in 1946. Paul Lauterbur later developed spatial information encoding 

principles, originally called zeugmatography, in 1972 which enabled image formation 

using NMR signals. This section will briefly describe the NMR signal generation, 

signal detection, some parameters affecting the signal intensity and the MR image 

formation. For more information about the MR theory, the readers can consult to 

references (12-14).  

 

NMR Magnetization 
 Magnetic resonance imaging is based on a fundamental property of nuclei of 

atoms which states that nuclei with odd atomic weights and/or atomic numbers possess 

an angular momentum J called ‘spin’. Nuclei with an odd mass number have half 

integral spin, an even mass number and even charge number have zero spin and an 

even mass number but an odd charge number have integral spin. The nucleus of the 

hydrogen atom, which has only one proton, is an example nucleus with ½ spin. A 

nucleus that has a nonzero spin rotates around its own axis creating a microscopic 

magnetic field around it called a ‘nuclear magnetic dipole moment’, µ. The magnitude 

of this dipole moment is related to the spin as 

Jγµ = ,                                                      (2.1)                             

where γ is a physical constant known as the ‘gyromagnetic ratio’. The gyromagnetic 

ratio is equal to 42577400 HzT-1 for the proton. The direction of µ is arbitrary in the 

resting state resulting in no net magnetic field from the object.   
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 It is possible to create a macroscopic magnetic field from an object by aligning up 

the spin vectors. This can be accomplished by placing the object inside a strong 

external static magnetic field, B0. In the presence of a strong magnetic field, spins 

precess about the axis of the B0 direction with a known angular frequency called 

Larmor frequency, w0, which is estimated as  

.00 Bγω =                                                     (2.2) 

Nuclei of 1H and 31P resonate at 42.58 MHz and 11.26 MHz respectively in the 

presence of a 1T field strength. 

  The spins of a ½ spin system take two possible orientations in the presence of a 

B0, which are parallel or anti-parallel to the field. There is an energy difference 

between these two states that can be calculated as 

0BhE γ=∆ ,                                                   (2.3) 

where h = 6.626*10-34 Js is the Planck’s constant.  

 The anti-parallel state requires a higher energy, and it is less preferred. As a result, 

a slightly higher number of spins are found in the parallel to the field state. The 

relative number of spins between the upper and lower energy states can be calculated 

as 

( kTE

down

up eN
N ∆−= ) ,                                            (2.4) 

where k = 1.381*10-23 JK-1 is the Boltzman’s constant, T is the temperature of the spin 

system in Kelvin (K) (T=310 K for the body temperature), Nup is the number of spins 

that are aligned parallel and Ndown is the number of spins that are aligned anti-parallel 

to the external magnetic field. 
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 Although there is a small difference between the number of spins in the parallel 

and anti-parallel state, the population difference between the two spin states is enough 

to generate a detectable magnetization, M, that can be estimated as 

kT
NBhM 4

0
22γ= ,                                         (2.5) 

where N is the total number of spins. 

 The amplitude of the magnetization is directly proportional to the spin density and 

the strength of the external magnetic field. Effectively, about three in a million protons 

in an object at 1T field strength is activated for generation of the nuclear magnetic 

resonance (NMR) magnetization (12) that is used to produce high definition MR 

images of the body, and this number is tripled at 3T.   

 

Excitation and Signal Detection  
 An oscillating magnetic field or so called radiofrequency (RF) field, B1(t), rotating 

in the same manner as the precessing spins can be generated by an RF coil to excite the 

spins and establish a coherent phase among these randomly precessing spins. The 

radiation energy is set to be equal to the energy difference between the spin states to 

create a coherent transition of spins from one state to another.  Accordingly, the carrier 

frequency of this oscillating field, wrf, is set to be equal to the Larmor frequency. The 

direction of B1(t) is set perpendicular to the B0 field. The B0 axis will be denoted as the 

z axis or the longitudinal axis and the transverse direction will be called the xy axis in 

the rest of this chapter. The application of the B1(t) field in a perpendicular direction 

induces a torque on the magnetization causing M to rotate away from the static 

magnetic field, and results in a transverse magnetization that can be detected according 
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to Faraday’s law of induction (13). The frequency of rotation away from the B0 axis in 

the presence of B1 can be calculated as 

11 Bγω = .                                                  (2.6) 

 The angle between the tipped magnetization and B0 is called the ‘flip angle’, α, 

and it is estimated as 

∫=
τ
ωα

0
1 )( dtt ,                                                (2.7) 

where τ is the duration of the RF pulse. It is common to use RF pulses that would 

result in 90° and 180° flip angles in MR.  

 The same RF coil used to generate the rotating B1 field can be used to detect the 

precessing magnetization (13).  The sum of the precessing transverse magnetization 

over the volume of the object is recorded as the MR signal. The signal detected after 

the application of an RF pulse is called ‘free induction decay’ (FID).  The FID signal 

can be transferred into frequency domain by applying the Fourier transform. Figure 2.2 

shows an example FID signal ands its Fourier transform.  

 

 

Figure 2.2. FID signal and its Fourier transform. 
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Relaxation 
 An RF pulse is turned on only for a few microseconds to milliseconds and it 

generates a B1 field that is much weaker than the B0 field. Following the excitation of 

the spins using an RF pulse, the spins gradually loose their phase coherence and relax 

back to their thermal equilibrium. This results in a decay of the detectable 

magnetization amplitude along the xy axis and a simultaneous regrowth of the 

magnetization along the z axis. Time dependent amplitude of M is estimated using the 

Bloch equation as 

1

0

2

)(
T

kMM
T

jMiM
BM

dt
dM zzyx −

−
+

−×= γ ,                         (2.8) 

where Mz
0 is the magnetization value at the presence of B0 only. T1 is spin-lattice 

relaxation time constant that measures the time for the magnetization to grow back to 

63% of its original value along the z axis. T2 is the spin-spin relaxation time constant 

that measures the time for the transverse magnetization to decay to 37% of its value 

after the application of the RF pulse. Bloch equation can be divided into two 

components to estimate the magnetization intensity in the longitudinal and transverse 

planes as 

     
1

0

T
MM

dt
dM zz −

−= , and                                      (2.9) 

xy
xy Mi

Tdt
dM

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+−= 0

2

1 ω .                                   (2.10) 

The solution of these two differential equations result in the evolution of the 

magnetization in time as 

tiTt
xyxy eeMtM 02/0)( ω−−= , and                                  (2.11) 
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( )1/
0 1)( Tt

z eMtM −−= .                                       (2.12) 

Figure 2.3 shows a schematic representation of the transverse and longitudinal 

magnetization relaxation in time.  

  

 

Figure 2.3. The relaxation curves for the transverse (a) and longitudinal (b) 
magnetization. 
 

 The relaxation constants T1 and T2 vary depending on the tissue type. Table 2.2 

lists the measured T1 and T2 values for the gray and white matter at 1.5 T and 3T (15-

17). 

  

Table 2.2. T1 and T2 relaxation values for the gray and white matter at 1.5 T and 3T. 
 White Matter Gray Matter 

1.5T 756 ms 1200 ms T1 3T 832 ms 1331 ms 
1.5T 80 ms 110 ms T2 3T 69 ms 99 ms 
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The white matter was observed to have lower T1 values than gray matter, because 

there is a higher degree of orientation in white matter and the anisotropy of the 

macromolecular structures might result in an increase in efficiency of dipolar 

relaxation mechanisms (18). Also, white matter has lower T2 values than the gray 

matter due to increased blood content in the gray matter. Higher field strengths result 

in higher T1 and shorter T2 values. Higher energy exchange is required between the 

nuclei and the surrounding lattice at higher frequencies, and it results in longer T1 

relaxation time at higher field strength. The transverse relaxation might also be more 

efficient at higher field strength due to increased field inhomogeneities resulting in 

lower T2 values (19).   

 

Signal Localization 
 MR images are a representation of the localized magnetization vector across the 

imaged object. Another small magnetic field that varies with spatial position called 

‘gradient field’ is used for MR localization. In the presence of such a gradient field, the 

spins at different locations experience a slightly different magnetic field resulting in 

spatial variation in resonant frequency across the object. As a result of this differential 

magnetic field, the frequency of the spins vary at different locations as  

)()()( 00 zGBzz z+=∆+= γωωω ,                               (2.13) 

where Gz is the gradient field strength along the z direction. The transverse 

magnetization equation can be rewritten to include the effect of a gradient as   

∫−
−−=

τ
γ

ω 0
.

02/0)(
rdtGi

tiTt
xyxy eeeMtM .                            (2.14) 
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 The use of gradients to establish a relation between the position of spins and their 

precessional frequency is called ‘frequency encoding’ (14). If a gradient field is 

applied for certain duration and then turned off to result in a phase variation across the 

object, it is called ‘phase encoding’ of the spins. The time integral of a gradient field 

multiplied by γ/2π is called the spatial frequency variable ‘k’ along that direction. A 

collection of varying gradient strengths result in different k values that are collectively 

referred to as the ‘k-space’.   

 An RF pulse can be used in conjunction with a gradient to excite only the spins in 

a given range of frequencies. The position of the selected slice is determined by the 

center frequency of the RF pulse. The bandwidth of the RF pulse, which is the range of 

frequencies contained within the RF pulse, and the gradient strength determine the 

slice thickness as 

zGz γ
ω∆=∆ ,                                                 (2.15) 

where ∆ω is the bandwidth of the RF pulse and Gz is the applied gradient strength 

along the z direction.  

 After the slice selection, the localization in the transverse plane is achieved by 

further application of the gradients. A phase encoding gradient is turned on along y 

direction to create phase variations at different locations, and it results in one ky value. 

After the phase encoding gradient is turned off, a frequency encoding gradient along 

the x direction is turned on simultaneously with the MR signal collection. This 

gradient is often called a ‘readout gradient’. The readout gradient causes the frequency 

differ at varying spatial locations, and every signal time point acquires a different kx 

value. After the readout is completed, the phase encoding gradient amplitude is 
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changed to generate another ky value, and the same readout gradient is applied once 

more time. This procedure is repeated until enough spatial frequency values are 

sampled to fill up the k-space.  

 The MR signal can be demodulated to remove the carrier frequency factor exp(-

iωot) and written as a function of kx and ky in time as 

dxdyeeMtkkS ytykxtxkiTt
xyyx ∫∫= +−− ))()((22/0),,( π .                       (2.16) 

The magnetization value at different spatial locations can be estimated by a 2D Fourier 

transform of this MR signal.  

 

Pulse Sequences 

 The gradient field and inherent field inhomogeneities result in differential phase 

across the object. It is possible to subject the spins to multiple RF and gradient pulses 

to manipulate the magnetization vector and the phase distribution of spins. The 

application of multiple RF and gradient pulses to create a specific form of NMR signal 

is called a ‘pulse sequence’.   The pulse sequences can be designed to remove space-

variant phase shifts momentarily to create a phase coherence resulting in a stronger 

NMR signal, called ‘echo’. This section will briefly describe two basic MR pulse 

sequences resulting in spin echoes and gradient echoes. 

 

Spin Echo Imaging 

 The spin echo imaging uses a 90° RF pulse and a 180° RF pulse to refocus the 

spin phases. A 90° RF pulse is first applied to the spin system, and this pulse rotates 
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the magnetization into the transverse plane. After the 90° pulse is turned off, spins start 

to dephase due to field inhomogeneities. At time τ after the 90° RF pulse, a 180° RF 

pulse is applied to the spins. This pulse rotates the magnetization by 180° about the 

transverse axis that it is applied along. Effectively, the 180° pulse negates the spin 

phases. The spins continue to dephase after the 180° pulse is turned off. At time 2τ, the 

spins rephase, and produce a strong signal called ‘spin echo’. Figure 2.4 shows the 

timing diagram for a spin echo sequence. The echo time (TE), which is the time of the 

echo formation, and the repetition time (TR), which is the time between two 

consecutive 90° pulses, are also shown in Fig. 2.4. The echo time corresponds to 2τ in 

the preceding description. 

 

 

Figure 2.4. Spin echo pulse sequence timing diagram. 
 

 The amplitude of the spin echo signal, AE, is estimated as, 

2/1/0 )1( TTETTR
xyE eeMA −−−= .                             (2.17) 
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Gradient Echo Imaging   

 The gradient echo imaging uses gradients that are reverse in polarity to refocus the 

spin phases. The gradient echo imaging does not require a 90° RF pulse to start the 

pulse sequence. After an RF pulse with a flip angle α applied along with slice select 

gradient phase encoding gradient is applied along one of the transverse axes, y. A 

gradient pulse in the other transverse axes, x, is applied for a time of TE/2. The spins 

start dephasing as a result of this gradient pulse. At time TE/2, the gradient polarity is 

reversed, and it starts unwinding the phase spins acquired. As a result of the polarity 

change, the spins precessing at a slower frequency start precessing at a higher 

frequency. After TE/2 passes from the gradient reversal, the spins regain coherence, 

and form a strong signal called ‘gradient echo’. Figure 2.5 shows the timing diagram 

of a simple gradient echo sequence.    

 

 

Figure 2.5.  Gradient echo pulse sequence timing diagram. 
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 The amplitude of the gradient echo signal, AE, is estimated as, 
 

2/
1/

1/0

sin
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)1( TTE
TTR

TTR
z

E e
e
eMA −

−

−

−
−

= α
α

.                                (2.18) 

 

MR Image Contrast 

 MR image intensity is a multi parameter function depending on the proton 

density, T1 and T2 of the imaged tissue as well as the data acquisition parameters like 

the sequence type, TE, TR and the flip angle. The intrinsic tissue properties cannot be 

adjusted to increase the MR image contrast, but the sequence parameters can be 

modified to achieve a desired contrast or weighting in the MR image.  

 For the spin echo imaging, a long TR would result in the factor (1-exp(-TR/T1)) 

approach 1, removing the T1 weighting. Similarly, a short TE would result in the 

factor (exp(-TE/T2)) approach 1, and would remove the T2 weighting. So, a short TE 

and long TR can be used for diminishing the T1 and T2 effects remaining the proton 

density as the main factor in the resulting echo. To achieve a T1 weighted MR image, 

TR can be chosen appropriately short and TE can be set short. For a T2 weighted MR 

image, both TE and TR can be set long. A TR value of less than 500 ms is considered 

to be short, and greater than 1500 ms is considered to be long for spin echo sequences 

(12). A TE value of less than 20 ms is considered as short. Table 2.3 lists the proper 

TE and TR combinations for desired image contrasts for spin echo imaging.   
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 Table 2.3. Image contrast of a spin echo sequence based on TE and TR.  
 TE TR 

Proton density weighted short long 
T1 weighted short short (appropriate) 
T2 weighted long (appropriate) long 

 

 For gradient echo imaging, the T2 weighting is adjusted similarly with the spin 

echo imaging. However, T1 weighting is mainly controlled with the flip angle for 

gradient echo imaging. For small flip angles, cos(α) would approach to 1, resulting in a 

cancellation of the T1 terms on the denominator and numerator of the gradient echo 

equation.  As the flip angle increases it results in a significant T1 contribution in the 

signal, and T1 weighting can be further adjusted by varying the repetition time. 

 Figure 2.6 shows examples of proton density weighted, T1 weighted and T2 

weighted images of an axial slice of the human brain.  

 

 

Figure 2.6. Example proton density (a), T1 (b) and T2 (c) weighted MR images.  
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The soft tissues have small spin density variation, so the image contrast is the least in 

the proton density weighted image. In the T1 weighted image, white matter has the 

highest intensity followed by the gray matter and cerebrospinal fluid. The white matter 

has the shortest T1 values resulting in the highest signal intensity according to the MR 

signal equation. T2 weighted image has the highest intensity in cerebrospinal fluid 

followed by the gray matter and white matter. The white matter has the lowest T2 

values, resulting in the fastest signal relaxation in the transverse plane, and lowest 

signal intensity accordingly. 

 

MR Imaging of Brain Tumors 
 Pre- and post-contrast T1 weighted imaging and T2 weighted fluid attenuated 

inversion recovery (FLAIR) are the two common types of magnetic resonance (MR) 

imaging sequences  used for tumor localization. The gadolinium 

diethyltriaminepentaacetic acid (Gd-DTPA) is a common contrast agent used in MR 

imaging. Tumor is usually seen as a hypointense area in the T1-weighted images 

before Gd-DTPA injection. After the contrast administration, Gd-DTPA leaks into the 

areas of the brain where the blood-brain barrier is disrupted, resulting in hyperintense 

regions due to the shortening of T1. T2 weighted FLAIR images are acquired with an 

inversion recovery spin-echo sequence. The inversion recovery spin-echo sequence 

starts with an additional 180° RF pulse tipping the magnetization into the –z axis. The 

magnetization starts relaxing back to its thermal equilibrium. After an inversion time, 

TI, the 90° RF pulse is applied followed by the regular spin echo sequence. The 

magnetization that is at z=0 at time TI does not experience the 90° RF pulse, and can 
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not have a contribution at the resulting spin echo. This technique is commonly used to 

suppress the signal coming from the CSF in brain tumor imaging to allow for a better 

differentiation of edema. T2 weighted FLAIR images show low intensity at the CSF 

locations, and hyperintensity in the areas of tumor, edema, and necrosis due to 

increased water content. Figure 2.7 shows a post-contrast T1 weighted and T2 

weighted images of a brain tumor. The central part of the tumor is cystic with high 

fluid content.  

 

 

Figure 2.7. T1 post-contrast (a) and T2 weighted (b) images of a patient diagnosed 
with glioma.  
  

 Although magnetic resonance imaging (MRI) is highly sensitive in tumor 

detection(1), the true margin of tumor border may be difficult to assess especially in 

infiltrative tumors such as glioma. This is in part due to infiltrative growth pattern of 

gliomas into adjacent normal brain tissue, and therefore they often do not have grossly 
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or macroscopically definable margins. Physiological or functional MR imaging 

techniques like MR spectroscopic imaging, diffusion weighted imaging or perfusion 

weighted imaging are investigated to better the diagnostic capability of MRI and the 

treatment planning and the prognosis of patients.   

 

Magnetic Resonance Spectroscopic Imaging  
 Three dimensional MR spectroscopic imaging (3D-MRSI) is a non-invasive 

technique that provides metabolic maps of the brain for quantitative assessment of 

brain metabolism (20). The combination of  MRI and MRSI has been suggested to be 

more effective in tumor localization(20-23), staging (24,25), assessment of progression 

(20,25-29), and treatment planning (20,27,30-34) and response (20,35-38) than MR 

imaging alone. This section will describe the principles and data acquisition and 

reconstruction of spectroscopic imaging and its use for brain tumors.  

 

MRSI Principles 
 MR spectroscopic imaging is based on the principle that not all protons in a 

molecule have resonance at the same frequency (39). There are two main basic 

principles behind the formation of an MR spectroscopic signal, called a ‘spectrum’. 

The chemical shift is the reason multiple frequency components are observed within 

the signal from a single location. The spin coupling is the phenomenon that controls 

the multiplicity of the spectral peaks causing a split peak appearance. These two 

concepts will be briefly discussed.  
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Chemical Shift 
 The magnetic field experienced by a proton is influenced by multiple factors. 

Electron clouds around protons are known to create minimal magnetic fields opposing 

the main one, and reduce the protons’ exposed magnetic field. This effect is known as 

the ‘shielding’ of electrons. The protons of the a molecule placed in a magnetic field 

might experience slightly different field strengths due to the variation in the electron 

environment, leading to different resonance frequencies, w, defined as, 

( )σγω −= 1oB ,                                          (2.19) 

where σ is the chemical shielding factor. The frequency differences expressed as 

relative differences are known as ‘chemical shifts’ (40). The frequency of a shielded 

proton is dependent on B0. It is possible to form an absolute frequency scale 

independent of the magnetic field strength called ‘parts per million’ (ppm). The ppm 

value for a proton resonating at a frequency ω0 is defined as  

60 10×
−

=
ref

refppm
ω

ωω
,                                      (2.20) 

where ωref is the reference frequency of tetramethylsilane (TMS) defined to be at 0 

ppm and it is also same with the frequency of the spectrometer system. For example, 

the resonant frequency of fat protons differ from the protons of water by 225 Hz at 1.5 

T and 450 Hz at 3T, but this difference is 3.5 ppm in both cases. The normal way of 

displaying MR spectra is to plot high ppm values on the left, and low ppm values on 

the right.  
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Spin Coupling  
  Another factor affecting the frequency of a proton in a molecule is the other 

protons in the vicinity of the proton of interest. The electronegative groups on the 

molecule neighboring the proton of interest also attract the electrons around the proton, 

resulting in less electron shielding and an increase in its frequency. This interaction 

between neighboring spins is called ‘spin coupling’ or ‘J-coupling’. Not only 

neighboring protons affect the frequency of a given proton, they also cause multiple 

absorptions or multiple peaks from a single proton which is called ‘spin-spin splitting’. 

The number of peaks for a proton is proportional to the number of protons connected 

by two or three bonds to the proton being observed. The spin-spin splitting can be 

explained by the n+1 rule in its most simplistic form. This rule states that protons that 

have n neighboring protons have n+1 peaks as a result of their interactions. For 

example, the propane which has a molecular structure of CH3-CH2-CH3 would have 

three peaks (triplet) for the methyl (CH3) groups because of the two protons on the 

methylene (CH2) group. Similarly, the methylene group would have seven peaks 

(septet) because of the six neighboring protons of the methyl groups.  The frequency 

difference between the multiple peaks of a proton would be same, and it depends on 

the coupling interaction between the spin groups. This constant frequency difference is 

called a ‘J coupling constant’. In a linear carbon chain the n+1 rule is strictly obeyed if 

the neighboring proton coupling constants are all the same (39). The spectra that can 

be interpreted using the n+1 rule are called a ‘first-order spectra’. However, in cases 

where the protons have strong coupling it results in a so called ‘second order spectra’ 

and its splitting patterns, intensities and number of peaks cannot be explained by the 
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simple n+1 rule.  A more detailed spectral analysis is used for such spectra, and the 

reader can consult to reference (39) for more information on this topic.  

 

MRSI Data Acquisition 

 

Point Resolved Spectroscopy (PRESS)  

 Point resolved spectroscopy (PRESS) is a localization technique for acquiring 

spectral images of a specified location within the tissue of interest (41). PRESS utilizes 

three consecutive 90°, 180° and 180° slice selective RF pulses applied along with 

gradient pulses in three orthogonal directions. Figure 2.8 shows a schematic 

representation of the PRESS pulse sequence.  

 

 

Figure 2.8. PRESS pulse sequence. 
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The first 90° RF pulse and its gradient along y excites the spins resonating at a certain 

frequency within a slice of tissue. The first 180° RF pulse and its gradient along x are 

applied at a time TE1/2 after the 90° pulse, and it excites the spins located within a 

slice along x, and rephases the spins located only at a column located at the 

intersection of the previously excited slice y and the current slice x. An echo is formed 

at a time TE1 after the 90° pulse due to the effects of the 90° and 180° pulses, and it is 

not sampled. The second 180° pulse is applied at a time TE2/2 after the first 180° pulse 

with its gradient along z. This pulse excites the spins located within a slice along z, 

and rephases the spins located only at the intersection of all three selected slices. The 

final echo is formed at a time TE2/2 after the second 180° RF pulse. This echo is 

sampled and processed to form a spectral image of the voxel at the intersection of all 

three excited slices. 

 

Chemical Shift Selective (CHESS) Pulses 
 Chemical shift selective (CHESS) pulses (42) are 90° single frequency selective 

excitation pulses followed by big dephasing gradients. The procedure leaves the spin 

system in a state where no net magnetization of the component resonating at the 

selected frequency is retained. The other components resonating at different 

frequencies than the selected frequency remain entirely unaffected in the form of z-

magnetization. Subsequent 90 degree excitation pulse of the pulse sequence only 

excites the frequencies which have z-magnetization. The resulting image or spectra 

contain minimal signal intensity for the suppressed frequency component. CHESS 

pulses are commonly used for water suppression in MR spectroscopy, and water or fat 

 31



  

suppression in MR imaging. Figure 2.9 shows a schematic representation of a CHESS 

pulse before the PRESS localization. 

  

 

Figure 2.9. A CHESS pulse with the PRESS sequence. 
 

Spectral Spatial Pulses and Very Selective Suppression (VSS) Pulses  
 Spectral spatial pulses (43) are a more recent group of RF pulses which can 

selectively excite both a restricted spatial region when applied in conjunction with a 

magnetic field gradient as well as a restricted frequency band. This band of 

frequencies can be adjusted to exclude frequencies that belong to the unwanted 

spectral components like lipid and/or water.  

 Very selective suppression (VSS) pulses (44) are short quadratic-phase spatial 

suppression pulses. Short trains of VSS pulses are used to provide improved spatial 
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suppression with reduced dependence on B1 and T1. VSS pulses have very sharp 

excitation profile. The passband of VSS pulses is very high on the order of 6 kHz, 

which results in reduced chemical shift artifact for MR spectroscopy. Figure 2.10 

shows a schematic representation of VSS pulses applied along with spectral spatial 

pulses. 

  

 

Figure 2.10. The VSS pulses with spectral spatial pulses. 
 

Band Selective Inversion with Gradient Dephasing (BASING) 
 Band selective inversion with gradient dephasing (BASING) involves the 

application of a frequency-selective 180° pulse coupled with crusher gradients of 

opposite polarity that cause dephasing of flipped spins and remove any net 

magnetization from the target spin. It was originally developed to suppress water and 
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lipids for MR spectroscopy (45). Dual BASING pulses that has two such pulses are 

used for lactate editing (46). Lactate editing requires two separate data acquisitions. 

The lactate molecule has one methyl doublet at 1.3 ppm and a methine quartet at 4.1 

ppm. The dual BASING pulses can control the phase of the methyl doublet of lactate 

independently of TE by adjusting the time in between the dual BASING pulses when 

the methine quartet is placed within the BASING inversion band. In the first 

acquisition, BASING inversion band is placed to include the methine quartet and the 

time between the dual pulses is adjusted to TE/2 resulting in an upright lactate methyl 

doublet. In the second acquisition, methine quartet is excluded from the inversion band 

and the TE is adjusted to be an odd multiple of 1/J, resulting in an inverted lactate 

methyl doublet. The sum of these two spectra results in zero lactate, and their 

difference results in twice the amount of lactate. Figure 2.11 shows the dual BASING 

scheme incorporated into the PRESS sequence.  

 

 

Figure 2.11. Dual BASING scheme incorporated into the PRESS sequence. 
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MRSI Data Reconstruction 

After the MRSI signal is acquired, it is processed by a multi-step automated 

procedure (47) composed of routines for reconstruction and correction of the spectral 

data for frequency, phase and baseline distortions, and final estimation of the 

parameters for the peaks of interest. The analysis is initiated by apodizing the FIDs in 

the time domain with a Lorentzian or a Gaussian filter, followed by fast Fourier 

transformation (FFT) from the time to the frequency domain. Data acquisition 

parameters are extracted from the header of the reference MR images for accurate 

registration of the spectra to the anatomical images and for correct interpretation. 

Discrete Fourier transformation (DFT) is applied to the data to generate a 3D array of 

spectra on a rectangular grid based on the coordinate system of the reference 

anatomical images. The center of the grid is spatially shifted to reduce the partial 

voluming effects around the edges of the excited region and to maximize the full tissue 

voxels.  

Frequency shifts are corrected for each spectrum based on a peak descriptor 

file, which includes the expected locations and linewidths of spectral peaks. A 

statistical peak finding routine is applied to the magnitude data (47) to locate the 

frequencies of each peak of the spectrum. The frequency shift for each peak is 

estimated as the difference between the peak location found by the algorithm and the 

location given in the peak descriptor file. The mean of the frequency shifts of all the 

peaks is applied to the spectrum as the estimated frequency correction.  

An automatic phase correction algorithm is used to find the value that 

maximizes the area of the real part, while minimizing the area of the imaginary part of 
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the spectrum. Baseline removal routine assumes that the spectra are a sum of the 

peaks, baseline, residual water, and random noise, and iteratively separates these 

components. The algorithm isolates the data points that corresponded to the spectral 

peak regions by using the locations and linewidths given in the peak descriptor file at 

the first iteration. Variations of the peak parameters for the given data are inspected, 

and used for further iterations.  

After the baseline correction, peak locations and heights are determined by 

searching for a maximum in each of the peak regions. Peak heights are estimated and 

areas are calculated by integrating over the peak regions given in the peak descriptor 

file in the real part of the spectrum.  

 

MRSI Peaks for Brain Tumors 
 Long echo time 3D-MRSI for in vivo brain applications provides arrays of spectra 

that are characterized by three major metabolite peaks in healthy brain tissue; namely 

the singlets of choline (Cho), total creatine (Cr) and N-acetyl aspartate (NAA). In 

tumor tissue lactate and lipid peaks might also be observed. Table 2.4 displays the 

chemical structures of the brain metabolites and their ppm locations.  

 Choline is an essential nutrient that is mainly obtained in the form of 

phospholipids in the diet. It is required for the synthesis of the neurotransmitter 

acetylcholine and phosphatidylcholine, a major constituent of the cell membrane. An 

increase in the levels of choline provides a marker for excessive cell growth or cell 

membrane turnover. The peak of creatine and phosphocreatine reflects bioenergetics 

processes due to their role as a phosphate recipient or donor for ATP or ADP, and is 

thought to represent the energetic status of the cell. NAA is the most abundant amino 
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acid in brain that is synthesized in neurons, and is hypothesized to have a role in the 

removal of intracellular water from neurons. NAA is an indicator of the neuronal 

viability that is usually observed to be significantly lower in tumors than regions of 

normal brain. Figure 2.12 shows a typical normal and tumor spectra of the brain tissue 

at the top and bottom rows, respectively.  

 

Table 2.4 Brain metabolites’ chemical structures and chemical shifts 
 Chemical Structure Chemical Shift (ppm) 

Choline 
 

3.2 

Creatine 3.0 

N-acetyl aspartate 

 

2.0 

Lactate 

 

1.3 

Lipid 1.3 

 

 37



  

 

Figure 2.12. Typical normal and tumor spectra for brain tissue.  

 

 Figure 2.13 displays the T1 weighted MR image and an array of spectral voxels 

displaying tumor spectra with high Cho and low NAA levels for a glioma patient.  

 

 

Figure 2.13. T1 weighted MR image along with the spectra located at the white grid 
for a glioma patient. 
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 Singlet lipid and doublet lactate peaks can be observed in the disease state. Lactate 

is a byproduct of anaerobic glycolysis, and is expected to be present in tumor areas as 

a result and indicator of poor oxygenation. Lipid is present in the lipid bilayer of the 

cell membrane in brain cells, and presence of lipid in the spectra might indicate cell 

membrane breakdown and a more aggressive tumor phenotype. Figure 2.14 shows 

another glioma patient’s T1 weighted MR image and the spectra from four voxels 

within the contrast enhancement that displays high lactate or lipid levels. 

 

 

Figure 2.14. Lipid and lactate presence within a brain tumor. T1 weighted MR image 
is shown on the left and the spectra from the white grid is shown on the right. 
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3 . Spatial Characteristics and Correlations of Newly 
Diagnosed Grade 3 Gliomas Using MRI, 3D MR 
Spectroscopic Imaging, and Diffusion Tensor Imaging 

 

 This chapter studies the spatial characteristics of grade 3 gliomas using MR 

spectroscopic and diffusing imaging. The correlations of spectroscopic and diffusion 

parameters are also calculated and discussed. 

 

Rationale 
 Following surgical resection high grade glioma patients undergo concurrent 

radiation/chemotherapy and continue chemotherapy afterwards. Despite recent 

developments in surgical techniques and postoperative treatment, the prognosis for 

patients with a high-grade glioma remains very poor with a median survival of 33.5 

months and progression free survival of 15.8 months for patients with grade 3 

astrocytomas (48). It is desirable to understand the characteristics of high grade 

gliomas using MR imaging techniques to more effectively plan the treatment to 

increase patient quality of life and survival.   

 In the current study, we have combined 3D MR spectroscopic and diffusion tensor 

imaging parameters to study the regional characteristics and correlations of treatment 

naïve grade 3 gliomas to understand the spatial tumor extent especially in the cases 

where the tumor is predominantly nonenhancing. To our knowledge there has been no 

study that looked into spectroscopic and diffusion correlations and characteristics in 
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different regions of newly diagnosed grade 3 gliomas in detail. For a previous study of 

patients with newly diagnosed grade 3 gliomas, the lesions were reported to have 

higher ADC, and lower ANI values than normal appearing white matter (NAWM) due 

to the presence of infiltrative tumor (24). The same study noted similar creatine levels 

within grade 3 tumor areas compared to NAWM areas indicating well oxygenation, 

but there were also a small number of voxels observed to have lactate and lipid peaks 

which may indicate regional hypoxia and microscopic necrosis. In another study 

conducted by Catalaa et al., newly diagnosed grade 3 lesions were observed to have 

significantly higher Cho, higher ADC, and lower ANI values in both the contrast 

enhancing and nonenhancing tumor regions compared to NAWM (49). Another study 

conducted by Li et al. reported the presence of significant lactate and lipid peaks 

within grade 3 glial tumor areas with volumes varying from 0.1 cc to 11.8 cc (24). A 

positive correlation was also observed between volumes of lactate and lipid 

abnormality and CE.  

 Our previous studies that were conducted on a different population of grade 3 

glioma patients showed that 95% of the patients exhibited metabolically abnormal 

extensions beyond the T2 hyperintense areas and indicated that the T2 hyperintensity 

did not discriminate all tumor areas (33). Contrast enhancing volumes were also 

observed to be vastly smaller than the volumes of metabolically abnormal regions. 

Another finding was that the metabolically active and anatomically defined tumor 

areas did not coincide. In the current paper, we have also studied the overlap of 

anatomical tumor regions and metabolically abnormal regions, and the characteristics 

of spectral and diffusion parameters within both of these regions to see whether 
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additional information is obtained by spectroscopic imaging. Correlations of the 

diffusion and spectral parameters within these sub-tumor regions were also calculated, 

and their impact upon the understanding of regional tumor characteristics were 

discussed. 

 

Materials and Methods 

Diffusion Tensor Imaging 
 Diffusion tensor imaging (DTI) is another MR sequence that has been proposed as 

adding tissue structural information to the anatomical MR imaging. Figure 3.1 displays 

a simplified diffusion weighted spin echo sequence diagram.  

 

 

Figure 3.1. Diffusion weighted spin echo sequence diagram.  
 

 Two diffusion gradients identical in amplitude and width, δ, are separated by time 

∆, and applied symmetrically about the 180° pulse. The stationary spins will gain two 

opposing phases due to the symmetrical diffusion gradients that will cancel each other 
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out. On the other hand, spins that are diffusing throughout time ∆ will gain different 

phases because of varying gradient fields in the original and target locations that will 

sum up to a net phase.  As a result, the diffusing spins will dephase faster causing a 

signal reduction. A reference scan is also acquired without any diffusion gradients. 

The relation between the reference signal and signal in the presence of diffusion 

gradients is estimated by the formula 

( ) ,)3/(2

0

δγδ −∆−= DGe
S
S                                            (3.1) 

where D is the diffusion coefficient.  

 A diffusion tensor matrix is formed from the diffusion coefficients along multiple 

directions.  This matrix is solved for its eigenvalues and eigenvectors, which then are 

used in the computation of the apparent diffusion coefficient (ADC) and fractional 

anisotropy (ANI) as (50) 
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where λ are the eigenvalues of the diffusion tensor matrix. 

 DTI has been used to examine disruptions in the integrity of white matter tracts 

and changes in water content or cellularity. ADC values are an indicator of the range 

of free water diffusion, and have been shown to increase in brain tumors within the 

solid tumor region and surrounding edema regions (24,49,51-53). Several studies have 

been conducted to survey the ability of ADC values to differentiate tumor infiltrated 

edema of gliomas and vasogenic edema of metastases and meningiomas, but no 
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significant differences have been noted (53-56). ANI values are markers of the 

directionality of water diffusion and have been shown to decrease in brain tumors due 

to the disruptions of the brain tissue architecture, both in solid tumor and regions of 

edema (24,49,53,55,57). 

 Inverse correlations have been reported between the ADC and tumor proliferation 

through the analysis of Ki-67 labeling index (58), cell density(59), tumor cellularity 

(60), and malignancy (52) for mixed populations of brain tumors. In another study that 

was conducted on a mixed population of grade 2 and 3 glioma patients, a positive 

correlation between ADC values and total tumor cell number, and a negative 

correlation between ANI and total tumor cell number have been reported (61). 

Correlations between spectroscopic and diffusion parameters have also been 

investigated in the literature. Inverse correlations between Cho and ADC were shown 

for a mixed grade patient population (62) and a patient population with grade IV 

gliomas (49). Another recent study presented a positive correlation between ANI and 

NAA, with both parameters decreasing from the surrounding edema to the center of 

the tumor (57). 

 

Patient Population 
 
 Thirty-two patients (17 male, 15 female, 21 astrocytomas, 6 oligodendrogliomas, 

5 oligoastrocytomas, age (median±std) = 36±12) who were newly  diagnosed with a 

Grade 3 glioma according to WHO II classification were scanned on a 1.5 T GE Signa 

Echospeed scanner (GE Medical Systems, Milwaukee, WI) prior to biopsy and 
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surgery. All the patients provided informed consent for participating in the study, 

based on a protocol approved by the Committee on Human Research at our institution. 

Data Acquisition 
  The MRI protocol included an axial T2-weighted FSE sequence (TR = 3000 ms, 

TE = 105 ms, matrix size = 192x256x120, field of view = 195x260x180 mm, slice 

thickness = 1.5 mm), and post-Gd-DTPA T1-weighted SPGR sequence (TR = 34 ms , 

TE = 3 ms, 35° flip angle, matrix size =192x256x124, field of view =195x260x186 

mm, slice thickness = 1.5 mm). 3D MRSI data were referenced on the SPGR images 

using Point Resolved Spectroscopic (PRESS) (41) volume localization with spectral 

spatial pulses (43) and very selective suppression (VSS) (44) outer volume suppression 

bands (TR = 1000 ms, TE = 144 ms, matrix size = 12x12x8, field of view = 

120x120x80 mm, 1 cc nominal spatial resolution). Spectral data from 9 patients were 

acquired with J-difference lactate editing that allowed separate lactate and lipid 

quantification (46). DTI sequences with six gradient directions were acquired in the 

axial planes with a b value of 1000 s/mm2 (TR = 5000ms, TE = 105 ms, matrix size = 

256x256x40, field of view = 440x440x84 mm, slice thickness = 2.1 mm).   

 

Data Reconstruction 
 3D MRSI data were quantified offline to estimate the levels of Cho, Cr, NAA, 

combined lactate and lipid (LL) for regular spectra, and separate lactate (Lac) and lipid 

levels for lactate-edited spectra using in-house software described in detail in a 

previous report (47). Spectral values were normalized relative to the noise levels of the 

right hand end of the spectra. Choline to NAA index (CNI) (29), which defines the 
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distance between the levels of Cho and NAA for a given voxel and a regression line fit 

to the Cho and NAA values in the normal voxels in a given subject, were calculated 

for each voxel of all the patients. CNI values increase as a result of a reduction in 

NAA and/or an increase in Cho. DTI images were quantified to calculate the ADC and 

ANI maps using in house software.   Diffusion maps were resampled to the resolution 

of spectral data and normalized relative to the mean of the voxels in normal appearing 

white matter (NAWM) to form maps of nADC and nANI.  

 

Regions 
 Regions of contrast enhancement (CEL) and T2 hyperintensity (T2) were defined 

manually by tracing the borders of the abnormality on SPGR and FSE images using an 

interactive in-house software package. The non-enhancing lesion (NEL) was defined 

as the regions of T2 hyperintensity which excluded the contrast enhancement. 

Metabolically abnormal regions were defined as the voxels that had CNI values greater 

or equal to 2 based on previous results (24). CNI maps were then used to automatically 

generate three regions with distinct levels of metabolic abnormality, which were 

2≤CNI<3 (CNI2), 3≤CNI<4 (CNI3), and CNI≥4 (CNI4) respectively. Figure 3.2 

shows an example of the regions analyzed for this study.  

 

Statistical Analysis 
 A total of 7852 voxels of data were considered from the PRESS localized 

volumes, including 1573 from the NEL, 561 from the CNI2, 305 from the CNI3, 509 
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from the CNI4, 46 from the CEL, and 48 from NAWM. A single median value was 

calculated for each spectral or diffusion parameter within a given region of interest.  

 

Figure 3.2. Forty year old male patient diagnosed with a left frontal grade 3 
astrocytoma. Images from left to right display the distribution of CNI values, the FSE 
image with the NEL region (yellow), and T1 weighted post-Gd SPGR image with the 
CEL(red), NAWM(blue), and an axial representation of the MRSI excited region 
(black box). Spectra from the black box are shown at the bottom with the 
corresponding CNI values displayed in each voxel. 
 

 A Wilcoxon sign rank test was applied to detect paired significant differences of 

medians of spectral or diffusion values between the tumoral regions and NAWM for 

all of the patients. Anatomical and metabolic lesion parameters were not compared 
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with each other, because these regions were not necessarily mutually exclusive. The 

median values reported in tables 3.1-3.3 were calculated from the medians of all the 

patients who exhibited a given region. Wilcoxon sign rank tests were conducted only 

on those patients who had both of the regions being compared. It is necessary to note 

that the median values of the data used in each sign rank test were similar to the 

median values reported in the tables. Spearman rank correlation coefficients were 

calculated to detect correlations of diffusion and spectral parameters within the regions 

of interest. Correlation of spectral or diffusion parameters within their respective 

groups were not calculated due to possible statistical dependency. P values of less than 

0.05 were considered significant, and values between 0.05 and 0.10 were considered 

trends. No formal adjustments were made for multiple comparisons. 

 

Results 

Tumor Spatial Extent and Coverage 

 All the grade 3 patients included in this study exhibited a T2 hyperintense lesion. 

Median NEL coverage within the PRESS box was 56.3±13.9% (median±std) (min 

=30%, max = 93.9%). Eighteen out of thirty-two patients exhibited contrast 

enhancement on the SPGR images obtained after the injection of Gd-DTPA. Five of 

these patients showed minimal CE, and their contrast enhancing regions were not 

taken into account in this analysis. In twelve out of the remaining thirteen patients, the 

spectroscopic PRESS region covered the majority of the contrast enhancement. The 

median coverage of the CEL by the PRESS box for these twelve patients was 100% 

 48



  

(min = 16.6%, max = 100%). According to the spectral parameters, thirty-one patients 

had CNI2 regions, twenty-eight patients had CNI3 regions, and twenty-nine patients 

had CNI4 regions. 

 

Overlap of Anatomical Tumor Regions and Metabolically Abnormal 

Areas 

 The CEL that was covered within the PRESS box was found to reside within the 

CNI4 region for five patients, within the CNI3 region for three patients, and within the 

CNI2 region for two patients. There were only two patients who each had two CE 

voxels outside the CNI defined regions. For one patient 50% and for the other 75% of 

their CE stayed within the CNI3. The CNI defined regions resided within the T2 

hyperintensity in all of the patients. The median percentage of the NEL that did not 

overlap with the CNI defined regions was 35.9±24% (median±std) (min = 3.7%, max 

= 100%).  

Spectral and Diffusion Parameters within Anatomical Tumor 

Regions 

 Figures 3.3-3.5 depict the box plots of the distribution of the median values of all 

the metabolite and diffusion values in the anatomical tumor regions, metabolically 

abnormal areas and NAWM. Several differences in the median metabolite levels, CNI, 

and diffusion values were found between the anatomical tumor regions and NAWM as 

summarized in Table 3.1.  
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Figure 3.3. Box plots of median spectral peak heights for all the patients. The borders 
of the box plots are 25th and 75th percentile of the median values. The line inside the 
box depicts the median and the black dot depicts the mean of the median values. Error 
bars extending outside of the boxes indicate the minimum and maximum median 
values for this patient population. 
 

 

Figure 3.4. Box plots of median CNI values for all the patients.  
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Figure 3.5. Box plots of median normalized ADC and ANI values for all the patients.  

 
Table 3.1. Differences of spectral and diffusion parameters between NAWM, CEL, 
and NEL 
Parameter Region Median±SD N CEL NEL 

Cho NAWM 14.38 ± 4.68 32 p=0.003* ns 
 CEL 24.56 ± 12.26 12  p=0.03* 
 NEL 14.94 ±  6.4 32   

Cr NAWM 12.85 ±  3.16 32 ns p=0.007* 
 CEL 8.12  ± 6.15 12  ns 
 NEL 10.64 ±  3.67 32   

NAA NAWM 22.68 ± 8.72 32 p<0.001* p<0.001* 
 CEL 5.09 ± 2.14 12  p=0.001* 
 NEL 8.28 ± 6.2 32   

CNI NAWM 0.02 ± 0.62 32 p<0.001* p<0.001* 
 CEL 6.39 ± 4.56 12  p=0.001* 
 NEL 2.51 ± 1.66 32   

LL NAWM 0.95 ± 1.08 32 p=0.005* p=0.001* 
 CEL 3.79 ± 1.96 12  p=0.003* 
 NEL 1.61 ± 1.03 32   

nADC NAWM 1 ± 0 32 p<0.001* p<0.001* 
 CEL 1.76 ± 0.54 12  ns 
 NEL 1.81 ± 0.46 32   

nANI NAWM 1 ± 0.01 32 p=0.001* p<0.001* 
 CEL 0.26 ± 0.37 12  p=0.02* 
 NEL 0.36 ± 0.31 32   

*: significant (p<0.05), tr: trend (0.05<p<0.10), ns: not significant 
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 Although Cho levels were not significantly different in the NEL compared to 

NAWM, there was a significant increase in Cho in the CEL region compared to both 

the NEL and NAWM. Cr values were observed to be highly variable in different 

patients, but the median Cr levels were 31.9 % (min=-67.7%, max=76.1%) lower in 

CEL and 13.1% (min = -62.4%, max = 65%) lower in NEL compared to NAWM. The 

decrease was significant in the NEL when compared to NAWM. NAA levels were 

significantly lower in all of the anatomic lesion regions compared to NAWM. NAA 

levels were also significantly lower in the CEL than in the NEL. The highest Cho, 

lowest NAA, and accordingly highest CNI levels were observed in the CEL. 

Combined lipid and lactate levels were significantly higher in NEL and CEL than in 

NAWM, and were also significantly higher in CEL than in NEL. The highest median 

LL levels were observed in the CEL. 

 Lactate edited spectroscopic data was acquired in 9 patients. Figure 3.6 displays a 

Grade 3 patient whose spectral data was acquired with lactate editing. The summed 

spectra that display Cho, Cr and NAA are shown on the left, and the difference spectra 

that display lactate peaks are shown on the right. The spectral voxels that had high Cho 

and low NAA intensities with CNI>2 are marked with gray shading. These voxels also 

displayed prominent lactate doublets at 1.3 ppm.  Figure 3.7 shows the box plots for 

median lactate values estimated from the nine patient datasets acquired with lactate 

editing. Table 3.2 displays the results of the corresponding sign rank test that detected 

significant difference in median lactate levels between the different regions.  
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Figure 3.6. Presence of lactate within the hypointense region in a 24 years old male 
patient diagnosed with a grade 3 oligoastrocytoma. The spectral data was acquired 
with J-difference lactate editing method. Top: Post Gd-DTPA T1 weighted SPGR 
image with the spectral grid superimposed upon it. Bottom: Corresponding summed 
spectra is shown on the left with gray shaded voxels that have CNI≥2.  The difference 
lactate spectra are shown on the right. 
 

 

Figure 3.7. Box plots of median lactate levels estimated from the J-editing PRESS 
spectroscopy for all the patients in all of the regions of interest. 
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Table 3.2 Differences of lactate between NAWM, CEL and NEL, and between 
NAWM and CNI abnormal regions 
Parameter Region Median±SD N CEL NEL  

Lactate NAWM 0.90±0.95 9 - p=0.004*  

 CEL 3.29±3.06 2 - -  

 NEL 2.06±1.53 9 -   

 

Parameter Region Median±SD N CNI2 CNI3 CNI4 

Lactate NAWM 0.90±0.95 9 p=0.01* p=0.06tr p=0.03* 

 CNI2 2.14±0.82 8  ns p=0.03* 

 CNI3 1.77±1.18 5   p=0.06tr

 CNI4 3.77±1.39 6    

*: significant (p<0.05), tr: trend (0.05<p<0.10), ns: not significant 

 

 Lactate was significantly higher in the NEL compared to NAWM. Only two 

patients in the lactate edited population displayed contrast enhancement. A statistical 

test could not be conducted to compare the lactate levels in the CEL with other regions 

due to the lack of enough data points for the CEL, but the median lactate level in CEL 

was higher than both the NEL and NAWM. The CNI2 and CNI4 regions had 

significantly higher lactate values than NAWM.  

 Normalized ADC values were significantly higher in all of the anatomical lesion 

regions compared to NAWM.  nADC values were similar between NEL and CEL. 

nANI levels were significantly lower in all of the anatomic lesion regions than in 

NAWM. The CEL region had significantly lower nANI values than the NEL, and was 

the region with the lowest median nANI values. 
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Spectral and Diffusion Parameters within Metabolically Abnormal 

Areas 

 Table 3.3 displays the differences of spectral and diffusion parameters between 

the metabolically abnormal areas and NAWM.  

 
Table 3.3. Differences of spectral and diffusion parameters in NAWM and CNI ≥2 
regions 

Parameter Region Median±SD N CNI2 CNI3 CNI4 
Cho NAWM 14.37 ± 4.68 32 ns p=0.10tr p<0.001* 

 CNI2 13.99 ±  3.45 31  p<0.001* p<0.001* 
 CNI3 14.79  ± 3.67 28   p<0.001* 
 CNI4 19.72 ±  6.56 29    

Cr NAWM 12.85 ±  3.16 32 p<0.001* p=0.002* ns 
 CNI2 10.33  ± 2.80 31  ns p<0.001* 
 CNI3 10.53 ±  2.73 28   p=0.001* 
 CNI4 11.7 ± 3.59 29    

NAA NAWM 22.68 ± 8.72 32 p<0.001* p<0.001* p<0.001* 
 CNI2 10.85 ± 5.07 31  p=0.01* p<0.001* 
 CNI3 7.37 ± 4.78 28   p<0.001* 
 CNI4 6.1 ± 3.90 29    

CNI NAWM 0.02 ± 0.62 32 p<0.001* p<0.001* p<0.001* 
 CNI2 2.40± 0.13 31  p<0.001* p<0.001* 
 CNI3 3.43 ± 0.17 28   p<0.001* 
 CNI4 5.10 ± 1.12 29    

LL NAWM 0.95 ± 1.08 32 p=0.05tr p=0.02* p<0.001* 
 CNI2 1.59 ± 0.80 31  p=0.06tr p<0.001* 
 CNI3 1.84 ± 0.93 28   p=0.004* 
 CNI4 2.85 ± 1.26 29    

nADC NAWM 1 ± 0 32 p<0.001* p<0.001* p<0.001* 
 CNI2 1.62 ± 0.44 31  p<0.001* p=0.001* 
 CNI3 1.88 ± 0.49 28   ns 
 CNI4 2.07 ± 0.51 29    

nANI NAWM 1 ± 0.01 32 p<0.001* p<0.001* p<0.001* 
 CNI2 0.56 ± 0.31 31  p<0.001* p=0.002* 
 CNI3 0.41 ± 0.26 28   p=0.03* 
 CNI4 0.32 ± 0.34 29    

*: significant (p<0.05), tr: trend (0.05<p<0.10), ns: not significant 
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 Several differences for the parameters were noted between these regions. Cho 

levels were not significantly different between the CNI2 and NAWM, but there was a 

trend of increase in Cho in the CNI3. The CNI4 had significantly higher Cho levels 

compared to NAWM, and there was a significant increase in Cho with increasing CNI 

levels. The CNI2 and CNI3 regions had significantly lower Cr levels than both 

NAWM and the CNI4. 

 NAA levels were significantly lower in all of the metabolically abnormal regions 

compared to NAWM. NAA values were significantly decreased between increasing 

CNI levels. All metabolic regions had higher LL than NAWM. LL levels showed an 

increasing trend in the CNI2 when compared to NAWM, and between the CNI2 and 

CNI3 regions. LL levels were significantly higher in both the CNI3 and CNI4 than 

NAWM. LL was also significantly different between the CNI2 and CNI4, and the 

CNI3 and CNI4. For the nine patients whose spectral data were acquired with lactate 

editing, there was a trend of higher lactate values in the CNI3 region compared to 

NAWM. The CNI4 region had significantly higher lactate levels than the CNI2, 

whereas the CNI2 and CNI3 regions had similar lactate levels.  There was a trend 

towards increasing lactate values in the CNI4 compared to the CNI3 region.   

 Normalized ADC values were significantly higher in all of the metabolically 

abnormal regions compared to NAWM. nADC values were similar between CNI3 and 

CNI4, but CNI3 and CNI4 regions both had significantly higher nADC levels than 

CNI2. The CNI4 was the region that had the highest median nADC values. nANI 

levels were significantly lower in all of the metabolically abnormal regions than in 
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NAWM. The nANI values significantly decreased between all of the increasing CNI 

levels.  

 

Spectral and Diffusion Parameter Correlations 

 Table 3.4 shows significant correlations between median diffusion and spectral 

parameters in all of the regions of interest. 

 

Table 3.4. Correlations of diffusion and spectral parameters 

Region Correlation of spectral parameters 
and nANI (r,p) 

Correlation of spectral parameters 
and nADC (r,p) 

CEL 
(n=12)  Cho & nADC (r = -0.80 p<0.001) 

CNI & nADC (r = -0.83, p<0.001) 

NEL 
(n=32) NAA & nANI (r = 0.37, p = 0.04) 

Cho & nADC (r = -0.52, p < 0.001) 
Cr & nADC (r = -0.65, p < 0.001) 

NAA & nADC (r = -0.67, p < 0.001) 

CNI2 
(n=31) NAA & nANI (r = 0.35, p = 0.05) NAA & nADC (r = -0.56, p < 0.001) 

CNI3 
(n=28) Cr & nANI (r  = 0.43, p = 0.02) 

Cho & nADC (r = -0.46, p = 0.01) 
Cr & nADC (r = -0.71, p < 0.001) 

NAA & nADC (r = -0.81, p < 0.001) 

CNI4 
(n=29) Cr & nANI (r = 0.4, p = 0.03) 

Cho & nADC (r = -0.53, p < 0.001) 
Cr & nADC (r = -0.67, p < 0.001) 

NAA & nADC (r = -0.68, p < 0.001) 

r: Spearman rank correlation coefficient, p: p value 
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Cho was negatively correlated with nADC in all of the abnormal regions except the 

CNI2 region. Cr was negatively correlated with nADC in the NEL, CNI3 and CNI4, 

and positively correlated with nANI in the CNI3 and CNI4. NAA was negatively 

correlated with nADC in all of the regions but the CEL, and was positively correlated 

with nANI in the NEL and CNI2. The CNI was negatively correlated with nADC in 

the CEL. 

 

Discussion  

 All grade 3 gliomas examined in this study showed T2 hyperintensity, with 

moderate CE in 18/32 patients. When present, the CEL resided mostly within the 

metabolically abnormal regions, but these regions were not fully conjoint. This is 

consistent with the findings of Pirzkall et al (33). The CEL appeared to have the 

highest density of tumor cells, based upon highest Cho and lowest NAA among all of 

the tumor sub-regions. Similarly, the CEL region also had the lowest nADC compared 

to the NEL region and the metabolically abnormal areas, suggesting that increased 

tumor cellularity might be limiting the free water diffusion in this region. Highest LL 

and lowest Cr levels were also observed in the CEL, suggesting that this region was 

also the most hypoxic. The CEL also had lowest nANI, suggesting that the degree of 

tissue disruption was the highest in that region.  

 There were 14/32 patients with grade 3 gliomas who were included in our study 

and showed no visible contrast enhancement. The majority of these patients (13/14) 

had metabolically abnormal regions with CNI values higher than 2 and 12/14 patients 

had regions with CNI≥4. In regions with CNI≥4 there was relatively high Cho, low 
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NAA, high LL, high nADC, and low nANI compared with regions with intermediate 

CNI. This suggested that voxels with high CNI corresponded to regions of tumor with 

the greatest cellularity or highest proliferative potential. Regions with intermediate 

CNI values had fairly normal levels of Cho but increasing nADC, decreasing nANI, 

decreasing NAA, and higher LL when compared to NAWM. This suggested that they 

correspond to regions where normal brain function and structure is compromised, there 

is moderate tumor cellularity and poor oxygenation. It should be noted that increasing 

CNI reflected a reduction in normal neuronal function (decreased NAA) and an 

increase in cellularity or membrane turnover (increased Cho), which makes CNI likely 

to be more sensitive in detecting tumor than either Cho or NAA alone. A recent study 

which investigated correlations between the spectroscopic parameters and histological 

measures reported that both the ratio of Cho:NAA and the CNI correlated with MIB-1 

proliferative index, cell density, and the ratio of proliferation to cell death within non-

enhancing grade 2 and 3 gliomas (63). 

 In the 9 patients who received lactate edited spectroscopy, the CNI4 region was 

observed to have the highest level of lactate followed by the CEL region. This suggests 

that they exhibit anaerobic glycolysis and are poorly oxygenated. Combined levels of 

lactate and lipid (LL) were also very high in these two regions, indicating the 

possibility that there is some necrosis or hypoxic tissue within these voxels. CNI2, 

CNI3, and nonenhancing NEL regions also had lactate levels higher than NAWM, 

indicating poor oxygenation even in areas of relatively lower tumor invasion.  This 

finding suggests that the MRSI data are likely to be more valuable than contrast 
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enhanced MRI in predicting sensitivity to radiation therapy by delineating poorly 

oxygenated regions. 

 Gliomas are known to infiltrate into the surrounding tissue by increasing the 

extracellular space. It has been hypothesized that the extracellular space (ECS) 

increases due to deregulation which is caused by loss of gap junctions between glioma 

cells, shrinkage of cells due to excess chloride in the ECS, tumor invasion, or neuronal 

cell death due to the excitotoxic effect of glutamate (64). Barriers in the form of 

overproduction of components of the extracellular matrix (ECM) have also been 

observed to increase in the enlarged ECS, which serve as a substrate for adhesion and 

migration of tumor cells through enlarged ECS (64). ADC values are strongly affected 

by the changes in the extracellular space and the higher nADC values are thought to 

correspond to an enlarged and edematous ECS. The CEL had decreased nADC values 

compared to the NEL, indicating possibly more barriers in ECS in the form of tumor 

cell processes and higher tumor cellularity.  

 The Cho and nADC were negatively correlated in all of the tumor regions except 

for the CNI2. This agrees with previous findings (62) and indicates that there is a 

restriction in the movement of free water as the relative cellularity increases. NAA and 

nANI were positively correlated in NEL and CNI2 regions, which suggests that tissue 

structure destruction and neuronal cell loss are concurrent processes and is in 

agreement with Goebell et al’s findings (27). The range of nADC values in CNI2 and 

the range of nANI and NAA values in CNI3 and CNI4 were both relatively smaller, 

which might have caused there to be a lack of correlation between the values in those 

regions. In the NEL, CNI3, and CNI4 there were negative correlations between nADC 
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and Cr and NAA, which were thought to be a result of a reduction in normal cell 

density due to the presence of excess edema. Cr and ANI were positively correlated in 

CNI3 and CNI4, which may have indicated that structural destruction and hyper-

metabolism followed by hypoxia (24) coexists in these lesions.     

 The results of the present study suggest that MRSI and diffusion parameters 

provide complimentary information that may be valuable for characterizing different 

parts of the anatomic lesion. Edematous regions could be identified by increased water 

content (high nADC) and minimal disruption in normal tissue function (Cho, NAA 

which were close to normal). Regions of infiltrative tumor could be differentiated by 

their increased water content (high nADC), altered normal tissue function (high Cho, 

low NAA) and structure (low nANI). Regions of macroscopic tumor could be 

identified by high cellularity (high Cho, low ADC) with major disruptions in the tissue 

structure and function (low nANI, low NAA) and hypoxia (high lactate or LL, low Cr). 

This is expected to be particularly important for refining the procedures used to plan 

radiation therapy, which currently target the entire anatomic abnormality with a 

homogeneous dose of 60 Gy, delivered over 30 fractions. Our findings showed that 

grade 3 gliomas have the highest tumor density in contrast enhancing areas but that the 

CNI4 region is the most malignant focus for non-enhancing lesions, with CNI2 and 

CNI3 regions being areas of tumor infiltration. Future studies will assess the 

prognostic importance of these findings and explore the effect of integrating MRSI and 

diffusion imaging into treatment planning for grade 3 gliomas.  
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4 . Unaliasing Lipid Contamination for MR 
Spectroscopic Imaging of Gliomas at 3T Using SENSE 
 
 

 This chapter details a novel post-processing algorithm based on the sensitivity 

encoding (SENSE) method to reduce the lipid contamination in the MR spectra that 

happens due to the chemical shift artifact and low bandwidth of selection pulses. 

 

Rationale 
 Although imaging at high field with multi-channel surface coils presents many 

advantages, increased chemical shift artifact due to the higher field strength and 

increased lipid sensitivity may result in aliasing lipid resonances in the spectral field of 

view (FOV).  Lipid may indicate cell membrane breakdown and possible necrosis, but 

also may be a contaminant from aliasing of subcutaneous fat.  Therefore, it is 

important to accurately localize lipid peaks and distinguish between pathology and 

aliasing artifacts. Folding of subcutaneous lipid into the selected region may also 

partially obscure metabolite levels inside the spectral volume of interest, especially 

lactate and NAA resonating close to the lipid frequency. Previous studies have 

suggested the use of inversion recovery sequences (65) or Very Selective Suppression 

(VSS) pulses (44) to suppress, variable density spiral (66) and Echo Planar 

Spectroscopic Imaging (EPSI) data acquisition strategies (67) to reduce, and  spectral 

spatial pulses to exclude (68) lipid resonances. Post-processing approaches have also 
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been proposed to remove lipid using time domain fitting (69) or data extrapolation 

(70).  

 Spectroscopic data used in this study were acquired using an eight channel RF coil 

at 3T with Point RESolved Spectroscopy (PRESS) (41) localization along with 

CHEmical Shift selective Saturation (CHESS) pulses (42) for water suppression and 

VSS pulses for outer volume signal suppression. It was observed that, even with outer 

volume suppression techniques there may be residual unwanted lipid resonances. In 

this study, we propose a post-processing method that uses the sensitivity information 

of an eight channel phased-array coil and sensitivity encoding (SENSE) (71) for 

unaliasing lipid resonances originating from in-slice subcutaneous areas from the 3D 

MRSI of brain in patients with glioma performed at 3T. Simulations and empirical 

data from a phantom and glioma patients were used to assess the performance of the 

proposed technique.  

 

Theory 

 

Sensitivity Encoding (SENSE) 
 Sensitivity encoding (SENSE) (71) is a parallel imaging technique that has been 

successfully applied for faster MR data acquisition. The data for the SENSE technique 

is acquired by multi-channel surface RF coils. The signal induced in a surface RF coil 

varies by the distance between the signal source and the coil. This concept is often 

referred as the ‘coil sensitivity’. Figure 4.1 shows the coil sensitivity images of a brain 

slice acquired by the eight channel head coil. The eight coil elements all have a 
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spatially variant sensitivity to the signal coming from the object. It is possible to see 

the variation of image intensities, where the pixel intensities are higher closer to a coil 

element. 

 

 

Figure 4.1.  The coil sensitivity images of a brain slice acquired by the eight channel 
head coil. 
 
 

 Although the MR signal, S, is continuous, it is discretely sampled due to MR 

hardware and software limitations. The signal sampling can be mathematically 

represented as multiplying the continuous signal intensity with a comb function as, 

)()()( kcombkSkS ∆×=∆ ,                                        (4.1) 

where ∆k is the k-space sampling interval.   

An image of the object is formed by Fourier transforming the MR signal, and it can be 

written as, 

( ) )1()()()( kcombxkSFTxI ∆∗≈∆= ρ ,                          (4.2) 
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where I(x) is the image of the object, ‘*’ is the convolution operator, and ρ(x) is the 

estimate of the spin density across the object. According to Eq. 4.2, sampling in k-

space results in a repetition of the object in the spatial domain. The interval of this 

image repetition is 1/∆k, or so called the ‘field of view’ (FOV).  

 The SENSE technique achieves fast data acquisition by reducing the number of 

sampled points by increasing the k-space sampling interval to cover the whole extent 

of the k-space. A direct Fourier transformation of this data results in reduced FOV 

images because of the inverse relation of FOV with the sampling interval. Common 

reduction factors employed for faster data scans are two and four, which would result 

in half FOV images in one or two spatial dimensions respectively. If the object that is 

being imaged is bigger than this reduced FOV, it results in an overlap of the replicated 

images, or wrapping of the anatomy into the other end of the MR image. This concept 

is called ‘aliasing’. An aliased image is formed per each coil element, that are later 

combined to generate the original image. Figure 4.2 shows a schematic of the aliasing 

phenomenon and Fig. 4.3 shows a sagittal MR image of human head that has aliasing 

of the nose and the forehead in the back of the reduced FOV head image.  

 The SENSE data reconstruction is performed on a pixel by pixel basis.  For 

simplicity, reduction factor of two case will be explored in more detail. When k-space 

data is reduced by a factor of two, each pixel, a, in the resulting aliased image of a coil 

element is a superposition of two pixels, v1 and v2, that are weighted by their 

respective coil sensitivities, s1 and s2. This can be formulated as,  

2211 vsvsa += .                                            (4.3) 
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Figure 4.2. Aliasing scheme for SENSE data acquisition. 
 

 

Figure 4.3. Aliasing concept in an MR image. The forehead and nose appear at the 
back of the head due to reduced FOV. 
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It is possible to form a linear equation for the data received by the individual coil 

elements as, 

SvA = ,                                                    (4.4) 

where A is a ncx1 matrix for nc coil elements including aliased value for the pixel in 

consideration for all the coils, S is a ncx2 matrix with rows of  coil sensitivities for the 

two original pixels, and v is a 2x1 matrix with the original pixel intensities v1 and v2. 

To solve this linear equation we can calculate the pseudo-inverse of the matrix S as, 

HH SSSU 1)( −= ,                                             (4.5) 

where SH is the complex conjugate matrix of S. The pseudo-inverse of the matrix S can 

be extended to include the noise considerations as, 

ASSSv HH 111 )( −−−= ψψ ,                                       (4.6) 

where ψ is the receiver noise matrix. The noise receiver matrix is a nc x nc matrix in 

which a diagonal entry represents the noise variance from a single coil and off-

diagonal entries represent the noise cross-correlation between two coils. The noise 

cross-correlation in two channels, γ and κ, is formulated as, 

[ ]))()()(1()()(
2
1 2222

, κγκγκγκγ ησησηησηησψ ++−−++= iii ,       (4.7) 

where σ2 is the variance operator and η is the noise calculated from the corresponding 

channel.  

 Original pixel intensities v1 and v2 can be retrieved by multiplying both sides of 

the equation 4.4 with U as,  

UAv = .                                                    (4.8) 

The geometry factor, g, was also introduced by Pruessmann et al (71) to estimate the 

noise amplification due to the data reconstruction using SENSE as,  
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 ( ) ( ).111 SSSSg HH −−−= ψψ                                   (4.9) 

This geometry factor can be used to assess the compatibility and performance of 

different coil designs for SENSE type of parallel imaging applications (72). 

 Dydak et al. (73) reported the application of SENSE technique for MR 

spectroscopy, which is essentially a four dimensional version of the same formulation. 

An image has single pixel intensity, whereas the spectral image can be viewed to have 

a vector of intensities at the spectral dimension for a given spatial location. SENSE 

processing is still carried out voxel by voxel for the 3D spatial volume. For the spectral 

dimension, same unaliasing matrix U can be applied for all of the spectral frequencies 

at a given pixel location, because coil sensitivities change only spatially.  

 It is also possible to extend the same formulation for the reconstruction of full 

multi-channel data. For this case, there would be only one pixel intensity contributing 

to the spectrum at any given pixel location. v would be changed to single pixel 

intensity, and sensitivity matrix would only have one column of nc sensitivity values of 

each coil element for the given pixel. If the coil sensitivities are real-valued, the 

conjugate matrix SH would be same with S. Then, the original pixel intensity v could 

be estimated as,    
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The above formula is essentially a coil sensitivity weighted sum.  

 There are some limitations of the SENSE technique. First, SENSE requires the 

inversion of matrices having high dimensions that might result in computational errors. 
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Also, SENSE is computationally expensive, because the unfolding operation is 

performed for each pixel. Another problem is the possible reconstruction errors due to 

noise and deviations of the coil sensitivity images.  The SENSE reduction factor can 

not exceed the number of coils. Lastly, SENSE techniques result in an SNR loss that is 

proportional to g√ R. 

 

Chemical Shift Artifact and Lipid Aliasing at 3T 
 It has been discussed in chapter 2 that the electrons create a shielding effect 

around the protons resulting in frequency shifts depending on the shielding factor σ. 

Another factor affecting the frequency of a proton is the gradients applied during the 

RF pulse which adds a spatially varying small magnetic field to Bo. The frequency of a 

shielded proton in the presence of a gradient G is defined as, 

( ) )1(' GBo +−= σγω .                                    (4.11) 

 MR pulse sequences employ frequency selective RF pulses for localization, where 

a band of frequencies are excited. Frequency variations within the excited volume 

result in spatial misregistration, or the so called ‘chemical shift artifact’.  

 The PRESS sequence employs one 90° and two 180° pulses played along with 

gradients to create a true spin echo. These three pulses of PRESS sequence are 

employed to excite protons that are resonating at predefined frequency ranges. Protons 

of different spectral metabolites are known to resonate at different base frequencies 

due to the difference in their electron environments. As a result, the same frequency 

range of the RF pulses map themselves onto different spatial ranges for distinct 
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metabolites and result in excitation profiles that are different for each metabolite (43). 

The spatial shift in the selected region can be quantified as, 

)()(
box

pulse

o X
BW

wwx ×
−

=∆ ,                                         [12] 

where w is the resonance frequency for the protons of the metabolite of interest, wo is 

the center frequency, BWpulse is the bandwidth of the RF excitation pulse, and Xbox is 

the width of the excited spectral region.  

 The range of metabolite frequencies at 3T is twice as large as the frequency range 

for 1.5 T, resulting in twice as large a spatial shift of the metabolite excitation profiles 

with similar RF pulses. PRESS pulses used in this study had 2400 Hz bandwidth for 

the 90° pulse and 933 Hz bandwidth for the 180° pulses. Center frequency is set to be 

220 Hz down the water frequency. Assuming an 80 mm spectral box selection with 

20% overpressing and 2000 Hz sweepwidth, lipid excitation profile can be estimated 

to be shifted by 22.6 mm in the 180° pulse direction, and 8.8 mm in the 90° pulse 

direction from the center frequency excitation profile. Once lipid signals outside the 

spectral FOV are excited, and suboptimally suppressed by the outer volume 

suppression pulses, spectral aliasing that is similar to image aliasing is observed as 

shown in Fig. 4.4.  

 

Lipid Unaliasing Using SENSE 
  Although the SENSE method was originally proposed for unaliasing reduced 

FOV images arising from faster data scan approaches, it is possible to generalize the 

SENSE method to solve any type of image aliasing problems (74,75) , such as 

ghosting due to phase shift and flow errors in EPI cardiac imaging (75). In each 
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scenario, it is necessary to know the specific aliasing pattern to calculate the phase 

shift amount resulting in the spatial misregistration. 

 

Figure 4.4. Example of the lipid aliasing problem in MR spectra. Left: T1 weighted 
SPGR image with the spectral FOV (white grid), and the PRESS selected region 
(black box within the grid). Right: MR spectra from the PRESS selected region. 
Spectral voxels marked with the black box have aliasing lipid resonances coming from 
the scalp region a FOV away within the white box marked  with (a) on the image. 
 
  

 MR spectroscopy usually employs a small FOV for time considerations. This 

leads to the aliasing of subcutaneous lipid into the spectral FOV, as described in the 

previous section. Lipid resonances outside the FOV fold into a voxel within the 

spectral array that is a FOV away from that lipid voxel. Lipid unaliasing was 

implemented by treating the original spectral array as a half FOV representation of an 

extended spectral array.  

A software program was implemented to remove the in-plane aliasing lipid 

resonances from the spectral array using Matlab 6.5 (The Mathworks Inc., Natick, 

MA). The reduction factor was assumed to be four for all the voxels consistent with 
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the observed aliasing pattern. Using the aliasing pattern information, three voxels that 

are a FOV away from a given voxel in the x and y directions were checked, and the 

ones within the head region were selected yielding the total number of aliased voxels 

R. The original and aliased voxels were resolved using resampled coil sensitivities and 

the SENSE methodology. Specifically, the sensitivity matrix S was constructed from 

the coil sensitivities for the R voxels contributing to the observed voxel intensity. The 

resulting spectral array had twice the original FOV in the in-plane directions, and 

included the subcutaneous lipid areas. Figure 4.5 shows an example of the lipid 

unaliasing for a voxel at an axial slice of a glioma patient spectra.  

 

 

Figure 4.5. Example of lipid unaliasing for a voxel. Coil sensitivity images of a slice 
along with the spectrum from the black voxel are shown.  (a) Conventional 
combination of the spectra using the coil sensitivity weighted sum results in aliasing 
lipid resonances. (b) Unaliased spectrum of the black voxel. (c) Unaliased lipid 
spectrum placed into the white voxel. 
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The eight channel coil sensitivity images are displayed along with the spectra 

acquired by that coil element from the black voxel marked on the images. The coil 

sensitivity weighted sum of the eight individual spectra is shown in the voxel marked 

with ‘a’. It is possible to observe that Cho, Cr, and NAA peak heights varied linearly 

with the coil sensitivities at the black voxel, having much higher intensities at the 

closer coil elements. The lipid peak height of the black voxel was not consistent with 

the expected pattern, and it was observed that lipid height was much more in the coils 

numbered 6 and 7 compared to the coils 3 and 4 which were closer to the voxel. This 

indicated that the lipid peak observed in the black voxel was probably not resident, and 

was coming from an aliasing voxel. The lipid unaliasing algorithm resolved this 

problem, and unaliased the spectrum marked with ‘b’ for the black voxel, and the lipid 

spectrum marked with ‘c’ for the white voxel located a FOV away in the RL direction 

from the black voxel. This result confirmed that the unaliased lipid spectrum 

originated from an in-slice scalp and skull region. 

 

Methods 

 

Data Acquisition 
Spectroscopic imaging experiments were carried out on a uniform MRS phantom 

and 12 glioma patients (6 Grade II, 1 Grade III, 5 Grade IV, 6 male, 6 female, mean 

age = 47) on a 3 T GE Signa EXCITE scanner (GE Healthcare, Milwaukee, WI) 
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equipped with an eight channel RF coil (MRI Devices Inc, Gainesville, FL). Informed 

consent was obtained from the patients prior to scanning.  

The MRS phantom contained major metabolites observed in the brain, which were 

Cho, Cr, NAA, and lactate, and a balloon filled with cooking oil that was attached to 

one side of the phantom to create an artificial lipid environment. The imaging protocol 

included the acquisition of T1-weighted 3D SPGR (TR=26 ms, TE=3 ms, 3 mm slice 

thickness, 256x256 matrix, FOV=240x240 mm, flip angle = 40°), T2-weighted FLAIR 

(TR=10002 ms, TE=127 ms, TI=2200 ms, 3 mm slice thickness, 256x256 matrix, 

FOV=240x240 mm, flip angle=90°), and proton-density weighted fast gradient echo 

coil sensitivity images (TR=150 ms, TE=2.1 ms, 3 mm slice thickness, 64x64 matrix, 

FOV=300x300 mm, flip angle=20°). 1H 3D MRSI data was acquired using PRESS 

volume localization with CHESS water suppression and VSS outer volume 

suppression. The desired PRESS volume and a 1.2 overpress region were excited to 

reduce the effects of chemical shift artifacts on relative peak intensities. The spectral 

array dimensions were 12x12x8 (n=4) or 16x16x8 (n=8) with 1 cc nominal spatial 

resolution. The rectilinear k-space sampling was restricted to a central ellipsoidal 

region to reduce the scan time to 9 min for the 12x12x8 and 17 min for the 16x16x8 

arrays with TR=1.1s. The phantom and patient spectra were acquired with TE=144 ms, 

and four patients with 12x12x8 spectral array size also had another spectral acquisition 

with TE=40 ms for long and short echo time spectral comparison.  

  

 74



  

Data Simulations 
  MR brain images and spectra were simulated as described previously (47). Head 

images were simulated as a sum of the scalp and the brain regions. Scalp images were 

generated as the intersection of two ellipsoids with respective axes lengths of (170, 

200, 160) mm and (150, 180, 140) mm. Brain images were generated as an ellipsoid 

with axes lengths of (140, 170, 130) mm. Two smaller ellipsoids were defined in the 

brain region to represent the ventricles with (10, 50, 20) mm axes lengths. Four 

different spectra were simulated in the same coordinate system as the head images 

with 24x24x16 matrix size and FOV=240x240x16. PRESS excitation pulse 

bandwidths were simulated as 933 Hz for RL and SI, and 2400 Hz for AP directions, 

and the chemical shift effect was also included into the simulations. The spectral 

datasets were generated with the default VSS band thickness of 30 mm and overpress 

factors of 1.2, 1.3, and 1.4. An additional dataset was generated with a VSS band 

thickness of 40 mm and overpress factor of 1.2. Random Gaussian noise was added to 

the spectra to generate NAA SNR levels of 20, 40, and 60, resulting in 12 different 

spectral datasets. Spectra acquired by different elements of the eight channel phased 

array coil were simulated by multiplying the resulting simulated spectra and the coil 

sensitivity maps resampled from phantom coil sensitivity images. Half of the phase 

encode steps were removed from the in-plane directions at the last step to generate a 

12x12x16 matrix size spectra with in-slice aliasing problems.  

 

Data Processing  
Proton density weighted coil sensitivity images for each of the eight coil elements 

were acquired with a FOV of 300x300 mm encompassing the whole head region. 
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Combined coil sensitivity images were also computed as the square root of the sum of 

squares of the individual coil sensitivities for each slice. Although the coil sensitivity 

maps were acquired with the proton density weighting, there were still some anatomy 

related non-uniformities such as darker ventricle and skull regions. For unfolding the 

lipid we anticipated that accurate coil sensitivity estimates were necessary in the scalp 

and skull region, which were the main lipid containing regions. A software program 

was implemented using Matlab 6.5 (The Mathworks Inc., Natick, MA) to reduce the 

anatomy related inhomogeneities of the coil sensitivity maps. The edges of the brain 

were found from the combined images using the Canny method to create a mask of the 

anatomy. Sensitivity images of the individual coil elements and the combined images 

were masked. Individual coil images were then divided by the combined images. The 

resulting images were filtered with median and low-pass homomorphic filters 

consecutively to smooth the image discontinuities. Coil sensitivities were resampled to 

twice the spectral resolution for the in-plane directions. The images were dilated by a 

3x3 kernel to preserve the edges of the image before resampling. Figure 4.6 shows an 

example slice of the coil sensitivity images before and after the coil sensitivity 

correction.  

Spectra from the eight coil elements were individually processed in parallel on a 

Linux cluster using software developed in our laboratory (47). Data processing was 

slightly modified for the higher field strength, and the spectra were filtered by a 4 Hz 

Lorentzian filter. 
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Figure 4.6. A slice from the coil sensitivity images before (a) and after (b) the coil 
sensitivity map correction. 

 

Multi channel reconstructed spectra were combined using coil sensitivity 

weighted sum (referred to as the aliased result), and the lipid unaliasing routine 

(unaliased). Two sets of spectra were generated for each combined data: one by 

phasing on the Cho peak and the other by phasing on the lipid peak to get accurate 

estimates of the lipid amount in aliased voxels without affecting the other metabolite 

levels. Spectral peak heights were determined from these individually phased spectral 

sets. Phantom data had smaller lipid peaks than the other metabolite peaks. Lipid 

contaminated voxels were determined by selecting the voxels with a lipid peak height 

higher than the mean choline height for the patients’ data, and higher than one fourth 

of the mean choline height for the phantom data within the selected PRESS box. Lipid 

heights were normalized with the mean choline height within the PRESS box for both 

the aliased and unaliased datasets. A Wilcoxon sign rank test was used to assess if the 

levels of normalized lipid within the contaminated voxels were significantly reduced 

by utilizing the unaliasing routine.  A p value of less than 0.05 was considered 

significant. 
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 Noise from the last 20 points of the spectra in the central 7x7x3 voxels in the 

spectral array were used to calculate the noise receiver matrix. For each spatial 

location, the noise receiver matrix was estimated using Eq. 4.7. The final noise 

receiver matrix was calculated by averaging the noise receiver matrices of the selected 

central 147 voxels. Geometry factor maps were created using Eq. 4.9. 

Results 
Elements of the eight channel RF coil had been overlapped to minimize the mutual 

inductance among neighboring elements and low impedance preamplifiers were 

utilized to minimize the interaction with the next nearest and distant neighbors (76). 

Inductive decoupling solenoids were also present to further reduce coupling between 

an element and the next nearest neighbor. It was observed that the noise receiver 

matrix had high intensities ranging from 0.54-1 for the phantom, and 0.72-1 for an 

example glioma patient data in the diagonal entries, and much smaller values ranging 

from 0.08-0.34 for the phantom, and 0.004-0.27 for the glioma patient data in the off-

diagonal entries. This indicated that the coils were minimally coupled. 

 Figure 4.7 shows the geometry factor maps that were calculated from a slice of a 

patient dataset before and after masking the coil sensitivity maps on the left and center, 

respectively, and after the coil map correction algorithm was applied on the right. Our 

findings confirmed that geometry factors were very high before masking the coil 

sensitivity images (72) with a local maximum of 24.16, because the true degree of 

aliasing was not correctly estimated. Geometry factors in the central 25 voxels of the 

brain ranged from 1.67-5.70. After masking, it was observed that the geometry factors 

were smaller with a range of 1-1.27 within the head region. 
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Figure 4.7. Geometry factor maps before (a) and after (b) masking the object region, 
and after the full coil sensitivity map correction (c). 

 

The coil sensitivity correction algorithm was necessary to reduce anatomy related 

non-uniformities in the coil sensitivity images, and preserve the edges of the head 

region, so that lipid unaliasing could be successfully applied. It was observed that the 

coil sensitivity correction increased the geometry factors, especially in the coil 

overlapping sections, but the maximum value still stayed under 1.55, which was 

regarded as being relatively favorable. These findings indicated that the eight channel 

head coil setup was suitable for parallel imaging applications. 

Simulation studies were used to assess the effect of several spectral data 

acquisition parameters. The results showed that with the given geometry, subcutaneous 

lipid was excited with overpress factors of 1.2 and above, and excited lipids were not 

completely suppressed by the default VSS saturation band thickness of 30mm. Total 

normalized lipid heights of the original aliased and lipid unaliased simulated spectra 

are shown in Table 4.1. SENSE unfolding significantly (P < 0.05) reduced the 

normalized lipid heights in all the simulated signals created with a VSS band thickness 

of 30 mm. 
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Table 4.1. Total normalized lipid heights from the aliased and unaliased simulated 
spectra. (OP: overpress; L(A): normalized lipid heights of the aliased spectra; L(UA): 
normalized lipid heights of the unaliased spectra.) 

 VSS=30 mm VSS=40 mm

 OP: 1.2 OP:1.3 OP:1.4 OP:1.2

 ∑L(A) ∑L(UA) ∑L(A) ∑L(UA) ∑L(A) ∑L(UA) ∑L(A) ∑L(UA) 

SNR=20 91.74 11.71 110.33 11.93 93.15 14.26 4.47 0.05 

SNR=40 90.34 8.35 96.7 10.63 115.46 12.56 1.58 0.25 

SNR=60 104.46 7.15 100.74 9.16 104.75 8.9 2.96 0.15 

 

When the VSS band thickness was set to 40 mm with an overpress factor of 1.2, the 

majority of the excited lipid was suppressed by the saturation bands in this ideal case, 

and there were smaller amounts of aliased lipid to unfold. In each of the simulation 

cases, there were small residual lipid peaks left due to imperfect matrix inversion. The 

lipid unaliasing algorithm was effective for all three noise levels. Figure 4.8 shows an 

example spectra for the simulated signal before and after lipid unaliasing. The lipid 

signal inside the black box was significantly reduced after lipid unaliasing. 

 Figure 4.9 shows the phantom setup along with the spectral selections. An axial 

slice through the MRS phantom with the lipid balloon attached to the side is shown in 

Fig. 4.9a. Fourteen lipid contaminated voxels were identified within the PRESS 

volume. The PRESS excited region for the center frequency is marked with the big 

white box, and the corresponding lipid excited region due to the chemical shift artifact 

is marked with the box with dotted lines. Figure 4.9b and d show the spectra within the 

black box marked on Fig. 4.9a before and after the lipid unaliasing, respectively. 
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Figure 4.8. An example simulated spectra before (a) and after (b) lipid unaliasing. 
Spectra from the white box is shown along with the spectra at the last column (black 
box) zoomed in.  
 

Figure 4.9c shows the lipid spectra within the white grid located on the lipid filled 

balloon region calculated by the unaliasing algorithm. It was found that the unaliasing 

routines significantly (p<0.001) reduced the normalized lipid heights within the 

original spectral FOV. The normalized lipid heights were reduced by a median of 

91±34% (median±standard deviation). Maximum and minimum reduction of 

normalized lipid heights were 100% and 13%, respectively. 
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Figure 4.9. (a) Phantom with the lipid filled balloon attached to the left side. The 
PRESS excited region for the center frequency (white box) and the lipid frequency 
(dotted box), lipid contaminated region in the PRESS selection (black box), and 
unfolded lipid regions (small white grid on the balloon) are marked on the image.  MR 
spectra from the black box before (b) and after (d) lipid unaliasing, and the lipid 
spectra unfolded into the white grid that is a FOV away from the black box region (c) 
are also shown. 

 

 The average number of lipid contaminated voxels across patients for the 12x12x8 

array size spectra was 88±37 for the short, and 76±37 for the long echo time. The 

16x16x8 array size resulted in much less lipid contamination overall, with an average 

of 14±12 lipid contaminated voxels.  The lipid unaliasing algorithm reduced the total 

normalized lipid peak height by a median of 41±7% (min = 29%, max = 47%) for the 

12x12x8 short echo time, 45±10% (min =41%, max = 63%) for the 12x12x8 long echo 

time, and 52±21% (min =19%, max = 74%) for the 16x16x8 long echo time spectra. 

Lipid unaliasing was significant (p<0.05) for all four short echo time spectra, and for 
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ten out of the twelve long echo time spectra. The array size was 16x16x8 for the two 

cases where the lipid unaliasing was not significant, and the spectra had only one and 

two lipid contaminated voxels, respectively.  

 Figure 4.10 shows the spectral results for an example glioma patient case.  

 

 

Figure 4.10. An example glioma patient case. Top left: T1 weighted SPGR image of a 
slice with the spectral FOV (white grid), PRESS selected region (blue box), and a 
region having lipid contaminated voxels (purple box). Top right: Same image slice 
with the extended spectral FOV through the unaliasing algorithm (white grid), and the 
correctly located lipid region (red box). Also shown are spectra of the purple box 
before (a) and after (b) lipid unaliasing, and the lipid spectra unaliased into the red box 
that is a FOV away (c).  
 

The original spectral FOV is shown on the top left, and the extended FOV is shown on 

the top right image with the white grids. The blue box represents the PRESS excited 
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volume, and the purple box marks the lipid contaminated areas. Figure 4.10a and b 

show the spectra obtained from the purple box region before and after the unaliasing 

procedure, respectively. The small red box in the scalp region on the top right image 

marks the lipid unfolded areas, and Fig. 4.10c shows the spectra unfolded into this 

region. The unaliasing algorithm significantly reduced the normalized lipid heights in 

individual voxels by a median of 40±17% for this patient case. Maximum and 

minimum reductions of normalized lipid heights at a given voxel were 76% and 10%, 

respectively.  

 

Discussion 
 This study has presented a post-processing method for reducing lipid aliasing for 

3D MRSI acquired with multi-channel RF coils with small FOV without requiring the 

implementation of special pulse sequences. The algorithm was effective in removing 

aliased lipid peaks for simulated and empirical data, and took only 2-3 minutes on a 

Sun Blade Workstation for a 12x12x8 MRSI dataset. This technique detected aliasing 

problems and resolved only the aliasing lipids without affecting the other metabolites 

resonating at similar frequencies, especially lactate. Results from phantoms showed 

that an underlying lipid peak tail can affect the lactate peak height and area estimates, 

and that removal of the nonresident lipid peaks would result in more reliable lactate 

quantification using the frequency domain based methods. Additionally, resident lipids 

that may be of biological importance would not be affected by this algorithm. 

In-slice lipid contamination was observed to be more severe in the RL compared 

to the AP direction, due to the smaller bandwidth of the current PRESS spectral 

volume excitation pulse in that direction. In addition to this effect, lipid resonances on 
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the left side of the PRESS volume were more often excited due to the directionality of 

the chemical shift artifact. This resulted in more contamination on the right side of the 

spectral array. A higher bandwidth pulse was played along the AP direction, which 

meant that the lipid regions in the orbits and the narrowing scalp and skull were 

minimally excited. An approach to reduce the chemical shift artifact would be to use 

higher bandwidth volume selection pulses. Spectral spatial pulses that have high 

bandwidths of 5000 Hz would have reduced the chemical shift artifact by more than 4 

times in 180 pulse direction, and 2 times in the 90 pulse directions.  

Typical axial brain slices are ellipsoidal in shape with axes lengths of less than 16 

cm in RL and 18 cm in AP directions. The usual scalp and skull thickness is 1-2 cm in 

an axial slice. The lipid aliasing was more prominent for smaller 12x12x8 matrix sizes, 

because there was lipid containing areas just outside the spectral FOV that were close 

enough to be affected by the chemical shift artifact. Lipid aliasing was less prominent 

in the 16x16x8 arrays, because the larger FOV covered the whole head in the RL 

direction in most cases. The chemical shift artifact was smaller in the AP direction due 

to the RF pulses as well, resulting in an overall lipid artifact reduction in the 16x16x8 

arrays. Although increasing the matrix size is one approach to reduce the aliasing, it 

does increase the acquisition time. Using a 12x12x8 array provides a significant 

reduction in scan time and may be valuable for enabling the acquisition of multiple 

spectral datasets from a patient on the same day. J-difference lactate editing is an 

example that requires the acquisition of two spectral datasets, whose time limitations 

requires smaller array sizes. It would also be possible to acquire one short and a long 

echo time spectra from the same patient within the same time required for one 
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16x16x8 spectra. The location and size of the PRESS selected region was also 

observed to have an affect in the presentation of the lipid aliasing. More central and 

smaller PRESS selections resulted in less lipid excitation in the surrounding scalp and 

skull regions.  

Shorter echo time spectra are desirable due to their higher SNR and better spectral 

definition of the tissue because it is possible to observe metabolites with short T2 at 

shorter echo times, like myoinositol, and glutamate and glutamine. For evaluation of 

neurological diseases it may be important to quantify and analyze these metabolites. 

The main problem with quantifying short TE spectra is the presence of 

macromolecules and of higher residual water and lipid signals. These effects result in 

bigger baseline problems. It was observed that the short TE spectra had higher lipid 

contamination in more voxels compared to longer echo spectra, but the lipid unaliasing 

algorithm was similarly efficient in removing the aliasing lipids for both cases.    

The lipid unaliasing algorithm may be further improved by reducing matrix 

inversion errors caused by the possible ill-conditioning of the over-determined system 

using regularization techniques (77). Regularization methods, like Tikhonov’s 

regularization or the conjugate gradient method, have been proposed to generate 

approximate objects compatible with the given data by using a priori information and 

energy and bias restrictions explicitly (78). Although regularization algorithms might 

condition the matrix inversion, it might not solve the problem completely if there are 

data or system definition related problems. One problem area that could cause the 

inversion errors would be the use of the original coil sensitivity maps, which are 

known to have anatomy related contrast diverging from the actual sensitivity values. 
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By smoothing the coil sensitivity maps as suggested, it is believed that these coil 

sensitivity related errors have been minimized. 

In addition to matrix inversion errors, another reason for there being residual lipid 

peaks in the empirical data was that the coil geometry meant that our unfolding 

algorithm could only be applied in two dimensions. The PRESS pulses used in this 

study had a 180° pulse with 933 Hz bandwidth in the SI direction, and hence the scalp 

and skull regions in the superior or inferior directions could also cause lipid aliasing. 

An alternative approach for reducing lipid contamination in the SI direction is to 

increase the FOV in that direction using alternative spatial encoding, such as echo 

planar spectroscopic imaging (EPSI). This approach would reduce the acquisition time 

while still allowing the use of a larger data matrix. The combination of an enlarged 

FOV and the lipid unaliasing algorithm would further enhance the overall performance 

on empirical data.  

The SENSE algorithm was previously applied for enabling scan time reduction for 

MR spectroscopy (73), and resolving image aliasing problems (74,75). This study 

combined these two approaches to resolve the problem of lipid aliasing in the RL and 

AP directions. Combining the data reduction and lipid unaliasing, and applying the 

SENSE algorithm twice to solve for both of these two types of aliasing may result in 

inaccurate results, because it has been recently published that SENSE algorithm might 

not perform optimally when there is existing aliasing due to small FOV in the data 

prior to reduction (79). Unaliasing lipid resonances is likely to help in the more 

reliable quantification of MR spectroscopic data, allow more accurate assessment of 
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the metabolic state of brain tumor, and improve characterization of changes due to 

therapy and progression for patients with gliomas.  
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5 . Quantitative 3D SENSE MRSI in Comparison to 
Ellipsoidal MRSI of Gliomas at 3T 
  

 This chapter details the implementation of the data acquisition and reconstruction 

of the sensitivity encoding (SENSE) method for fast MR spectroscopic imaging of 

patients diagnosed with glioma at 3T. The results of the SENSE spectra were 

quantitatively compared with the clinically accepted ellipsoidal sampling. 

 

Rationale 
 
 One limitation of acquiring MRSI data for brain tumor patients is the long 

minimum data acquisition time for conventional PRESS localized spectroscopy, which 

is proportional to the total number of phase encode steps. For clinical applications, it is 

desirable to achieve spectroscopic imaging in less than 10 minutes. Restricting the k-

space sampling to acquire low spatial frequency MRSI data in an ellipsoid region of 

the k-space has been used to achieve a fifty-five percent scan time reduction in clinical 

setting with good spectral data quality (80). Sensitivity encoding (SENSE) has been 

another method that was proposed to reduce the scan time for MR spectroscopic 

imaging (73). SENSE MRSI acquires fewer phase encoding steps and later resolves 

the resulting aliasing using the coil sensitivity information of the phased array coils. 

The application of SENSE MRSI has been reported on phantoms and human brain in 

healthy volunteers (73).   

 In this study, we implemented and investigated the feasibility of SENSE 

spectroscopic imaging of brain tumor patients. The second aim of the study was to 
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compare the signal to noise ratio, nominal voxel size, metabolite intensities and 

distribution of the SENSE MRSI data with the ellipsoidal and full rectangular k-space 

sampling in brain tumor patients using an eight channel phased array coil at 3T.  

 

Materials and Methods 
 

Data Acquisition 
 Five volunteers (5 females, mean age=25) and thirteen patients (11 Grade IV, 1 

Grade III, 1 Grade II, 5 female, 8 male, mean age=49) were scanned on a 3T clinical 

MR scanner (GE Healthcare, Milwaukee, WI) equipped with an eight channel RF coil 

(MRI Devices Inc, Gainesville, FL). The imaging protocol included the acquisition of 

axial T1 weighted SPGR (TR=26 ms, TE=3 ms, 3 mm slice thickness, 256x256 

matrix, FOV=240x240 mm, flip angle = 40°), T2-weighted FLAIR (TR=10002 ms, 

TE=127 ms, TI=2200 ms, 3 mm slice thickness, 256x256 matrix, FOV=240x240 mm, 

flip angle=90°), and proton-density weighted fast gradient echo coil sensitivity images 

(TR=150 ms, TE=2.1 ms, 3 mm slice thickness, 64x64 matrix, FOV=300x300 mm, 

flip angle=20°).  

 All 1H 3D MRSI data were acquired using PRESS volume localization with 

CHESS water suppression and VSS pulses for outer volume suppression 

(TR/TE=1.1s/144 ms, 1cc voxel size). The SENSE spectral acquisition was 

implemented on the traditional PRESS sequence and data were acquired using a 

reduction factor (R) of 2 in both x and y directions resulting in a total 4-fold scan time 

reduction. Three types of 1H 3D MRSI, which were full (12x12x8 matrix, 21:12 min), 

ellipsoidal (12x12x8 matrix, 9:28 min) and SENSE (16x16x8 matrix, R=4, 9:28 min), 
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were acquired for all volunteers. Due to clinical scan time limitations, only ellipsoidal 

and SENSE spectra were acquired for each patient.  

 

Data Reconstruction and Analysis 
 Normal appearing white matter (NAWM) regions were selected from the white 

matter on the contralateral side of the tumor. Contrast enhancing (CE) and regions of 

hyperintensity on the FLAIR (FL) images were segmented using an in-house semi-

automated region growing algorithm (81) for the patients.  Proton density weighted 

coil sensitivity images for each coil element were divided by the square root of the 

sum of squares of the coil sensitivities from all the coil elements, and smoothed to 

reduce the anatomy related inhomogeneities by applying median and low-pass 

homomorphic filters (3). 

 Ellipsoidal and full spectra from individual coil elements were apodized with a 4 

Hz Lorentzian filter, Fourier transformed into spatial-frequency domain and combined 

using coil sensitivity weighting as described previously (82). SENSE spectra were pre-

processed in a similar manner to the ellipsoidal and full spectra to generate aliased 

spectral images for each coil element. The resulting spectra were unaliased and 

combined with SENSE spectral data reconstruction implemented using MATLAB 7.0 

(The Mathworks Inc., Natick, MA). The spectra were unaliased to generate an array 

with double the original size (32x32 matrix) to take into account the lipid aliasing 

problem of small FOV spectroscopy (3). Tikhonov’s simple regularized inversion was 

used to condition the SENSE matrix inversion (77).   
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 For each spectrum, frequency and phase corrections were applied and the water 

baseline was removed using in-house software (25). The signal to noise ratio (SNR) of 

Cho, Cr, NAA and lipid peaks were estimated by normalizing their heights with the 

standard deviation of the spectral noise calculated from the left end of the spectrum. 

Geometry factor (g) maps were computed for the SENSE spectra to estimate the noise 

amplification due to the coil geometry. Previous studies have reported a higher 

nominal voxel size for the ellipsoidal sampling due to the point spread function (PSF) 

effect (80). The ratio of full to ellipsoidal nominal spectral voxel sizes 

(∆xFull/∆xEllipsoidal) was estimated from the volunteer data. Metabolite SNRs of the 

SENSE spectra were compared with that of the fully and ellipsoidally sampled spectra 

in volunteers by using the following formula,  
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 Spearman rank correlation coefficients were computed to assess if the Cho, Cr or 

NAA ratios between the tumor and NAWM were similar for the ellipsoidal and the 

SENSE spectra. A Mann-Whitney rank sum test was utilized to assess if the FL and 

CE regions had significantly higher Cho/NAA values than NAWM for SENSE or 

ellipsoidal spectra for the patients. 

 

Results 
 Figure 5.1 shows spectral data from a patient with a glioma that were acquired 

with the SENSE and ellipsoidal sampling. The data quality and relative metabolite 

intensities are similar in both cases, with both spectra depicting a region of tumor that 
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exhibits high Cho and low NAA in comparison with adjacent normal appearing white 

matter.  

 

 

Figure 5.1. Twenty-six year old female patient diagnosed with grade 3 
oligodendroglioma. T2 weighted FLAIR image is shown on the top. Spectra from the 
black grid acquired by ellipsoidal sampling are shown on the left and SENSE with 
R=4 are shown on the right. 
  

 Figure 5.2 shows the SNR values for Cho, Cr, NAA and lipid that were estimated 

directly from the three kinds of spectra from normal volunteers. The median SNR for 

Cho, Cr and NAA were (14, 12.2 and 31.2) for SENSE spectra, (34, 29.7 and 73.6) for 

ellipsoidal spectra and (20.4, 19.8 and 47.4) for the fully encoded spectra. Median 
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absolute lipid SNR values were below 3 for all three spectral datasets. The median of 

the geometry factors was 1.59±0.11 (max = 2.38) for unregularized and 1.20±0.09 

(max = 1.38) for regularized SENSE spectra for the volunteers and 1.58±0.10 (max = 

2.72) for unregularized and 1.21±0.19 (max = 1.87) for regularized SENSE data for 

the patients.  

 

 

Figure 5.2. Median signal to noise ratios of the major brain metabolites calculated 
from the three different spectra in the volunteers. 
 

 Table 5.1 shows the median ratio of the metabolite intensities calculated from 

the SENSE and ellipsoidal spectra and the full spectra after correcting for the time 

difference and the effect of the geometry factor.  

 

Table 5.1 Time and g factor corrected median SNR ratios of the full and regularized 
and unregularized SENSE and ellipsoidal spectra in the volunteers. 

 Cho Cr NAA 
Full/SENSEunreg 0.98±0.14 0.99±0.14 0.96±0.17 
Full/SENSEreg 0.73±0.05 0.75±0.06 0.75±0.06 
Full/Ellipsoidal 0.40±0.07 0.41±0.06 0.40±0.07 
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The median ratio of the full SNR to the unregularized SENSE SNR in 

volunteers was 0.96 for Cho, 0.98 for Cr, and 0.99 for NAA. This observation 

suggested that the effective spatial resolution of the SENSE spectra matched that of the 

full spectra (1cc). Regularization was observed to reduce the noise in the spectra 

resulting in 30 % higher corrected SNR values for SENSE spectra in comparison to 

full spectra.  

 Figure 5.3 displays the NAA SNR calculated from the SENSE spectra versus the 

full spectra after they were corrected for time difference and the effect of the geometry 

factors for a volunteer from the whole PRESS box.  

 

 

Figure 5.3. Linear fit of the NAA intensities calculated from a volunteer’s SENSE 
versus full spectra. The fit model coefficient was 1.0382 indicating high similarity 
between the intensities calculated from the two datasets. 
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It was observed that the slope of the regression was 1.0382 in this case, leading to a 

conclusion that the expected spectral SNR for SENSE was correctly met. The median 

ratio of the full to the ellipsoidal SNR was 0.40 for Cho, Cr and NAA. This 

observation suggested that the effective spectral voxel size was 2.5 times larger for the 

ellipsoidal case than the full case (∆xFull/∆xEllipsoidal=0.40), which was also discussed in 

previous studies (80).   

 Table 5.2 displays the median Cho/NAA values in FL, CE and NAWM regions 

for the patients as well as the p values of the Mann-Whitney rank sum test to detect the 

differences of Cho/NAA ratios of tumor and normal regions.   

 

Table 5.2. Median Cho/NAA values in the regions, and the p values of the Cho/NAA 
difference between NAWM and FL and NAWM and CE regions for the patients. 

 Ellipsoidal SENSE 
 Median±std Cho/NAA 

NAWM 0.54±0.07 0.49±0.12 
FL 0.96±0.19 0.89±0.18 
CE 1.36±0.3 1.26±0.32 

 p values 
NAWM versus FL 4.09e-05 2.08e-05 
NAWM versus CE 1.07e-04 1.07e-04 

 

Both CE and FL regions had significantly higher (p<0.05) Cho/NAA ratios than 

NAWM for both SENSE and the ellipsoidal spectra. During visual assessment of the 

spectra for tumor presence, NAWM is often taken as the reference, and the ratio of the 

peaks in tumor possible regions to the peaks in NAWM region is important. Table 5.3 

displays the ratios of the median Cho, Cr and NAA levels in the FL and CE regions 

versus the NAWM region calculated from the ellipsoidal and SENSE spectra, as well 
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as their correlations. All metabolite results were highly correlated between the 

ellipsoidal and SENSE spectra.  

 

Table 5.3. Median ratio of the median values of Cho, Cr and NAA in FL versus 
NAWM, and CE versus NAWM regions as calculated from the ellipsoidal and SENSE 
spectra and their correlations for the patients. 

  Cho Cr NAA 
Ellipsoidal 0.87±0.23 0.66±0.30 0.41±0.21 

SENSE 0.96±0.41 0.71±0.36 0.41±0.18 FL/NAWM 
(r,p) (0.67, 0.01) (0.65, 0.01) (0.91, 1.40e-05) 

  Cho Cr NAA 
Ellipsoidal 0.77±0.29 0.44±0.26 0.23±0.12 

SENSE 0.81±0.43 0.46±0.23 0.24±0.10 CE/NAWM 
(r,p) (0.98, 7.76e-09) (0.95, 1.12e-06) (0.95, 1.12e-06) 

 

 Figure 5.4 displays another glioma patient whose spectra were acquired with 

SENSE and ellipsoidal methods consecutively. Cho levels were observed to be higher 

and NAA levels were observed to be smaller in tumor than normal regions. The tumor 

appeared to be more energetic with high creatine levels. Both spectra depicted the 

tumor region clearly, and the metabolite peak height distribution was similar for both 

datasets. 

 

Discussion 

 SENSE MRSI was implemented for imaging gliomas at 3T, and was 

quantitatively compared to ellipsoidal k-space sampling which resulted in the same 

scan time. Spectra obtained using SENSE were calculated to have a better effective 

spatial resolution than ellipsoidal k-space sampling but were obtained with the same 

acquisition time.  
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Figure 5.4. 40 years old male patient diagnosed with glioblastomamultiforme.   T2 
weighted FLAIR image is shown on the top, and ellipsoidal and SENSE spectra from 
the black grid are shown on the bottom. Both spectra depict similar tumor regions with 
high Cho and Cr and low NAA. 
 

Previous studies reported a 1.7-fold loss in spatial resolution for ellipsoidal spectra at 

1.5 T  using a volume head coil (80). Our results indicated a higher 2.5-fold loss at 3T 

with the eight-channel phased array coil due to the point spread function of ellipsoidal 

sampling. Both SENSE and ellipsoidal spectra resulted in similar spectral patterns that 

were well correlated over the PRESS box, and had the ability to distinguish tumor 

from normal tissue for this patient population.  
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 As anticipated, reducing the scan time did result in a loss in SNR loss for the 

SENSE MRSI.  The effect of the geometry factor resulted in an additional 1.2-fold 

SNR loss for the regularized case than would be expected based purely upon scan 

time. Addition of regularization to the SENSE inversion resulted in noise reduction, 

and more accurate matrix inversion. Another problem of the SENSE MRSI was 

residual aliasing of lipid peaks in some voxels. Higher regularization factors were able 

to reduce the magnitude of residual lipid peaks in the SENSE spectra.  

 In conclusion, SENSE spectra reduced the scan time from 37:42 min to a 

clinically acceptable 9:28 min for a 16x16x8 spectral array with better effective spatial 

resolution than the ellipsoidal sampling, while preserving the interpretability of the 

brain tumor spectra. Higher magnetic field scanners are becoming more commonly 

available and SENSE MRSI would benefit from the availability of higher SNR at the 

high field, and higher reduction factors for SENSE data would be possible. Faster 

MRSI data acquisition is expected to result in reduced patient discomfort, and motion 

artifacts as well as higher throughput for the MR scanners.  
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6 . Simulated Ellipsoidal SENSE and Ellipsoidal 
GRAPPA MRSI of Gliomas at 3T 
 

 This chapter investigates the feasibility of reducing the MR spectroscopic scan 

time by combining the ellipsoidal sampling with two parallel imaging techniques, 

SENSE and generalized autocalibrating partially parallel acquisitions (GRAPPA), 

using simulations. 

  

Rationale 
 One way of reducing the MRSI scan time has been to restrict the k-space data 

acquisition to a central ellipsoidal portion (80).  This approach reduced the scan time 

from 37.5 minutes to 17.5 minutes with a repetition time (TR) of 1.1 s for a 16x16x8 

array. Although the scan time has been reduced by 50% with this approach, it was still 

long for a patient to keep still. In this study, we have investigated the feasibility of 

further reducing the MRSI scan time by sub-sampling ellipsoidally acquired data, and 

reconstructing these spectra using sensitivity encoding (SENSE) and generalized 

autocalibrating partially parallel acquisitions (GRAPPA) techniques. 

 

Materials and Methods  
 

Generalized Autocalibrating Partially Parallel Acquisitions 
(GRAPPA) 
 The generalized autocalibrating partially parallel acquisitions (GRAPPA) is 
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another parallel imaging technique that reconstructs the reduced k-space data by least 

squares fitting in the Fourier domain. The missing k-space lines are estimated as a 

combination of the acquired additional auto calibration (AC) lines (83). The 

interpolation weights for an individual coil j are obtained by least square fitting of the 

acquired lines from all the coils to the AC lines of the jth coil as, 
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where Sj(ky-m∆ky) is the signal in the jth coil at ky-m∆ky position of k-space,  b is the 

number of blocks used for the reconstruction, L is the number of coil elements, and 

n(j,b,l,m) is the weighting of Sl(ky-bR∆ky) for synthesis of Sj(ky-m∆ky). Once the 

weighting factors are estimated, they are used in generating all the missing lines for a 

particular coil. In GRAPPA, uncombined images are generated for each coil, and these 

images are later combined by using the sum of squares method.  

 

Data Acquisition and Preparation 

Spectroscopic imaging experiments were carried out on a uniform MRS phantom, 

1 volunteer, and 5 glioma patients on a 3 T GE Signa EXCITE scanner (GE 

Healthcare, Milwaukee, WI) equipped with an eight channel RF coil (MRI Devices 

Inc, Gainesville, FL). Informed consent was obtained from the volunteer and patients 

prior to scanning. The MRS phantom contained major metabolites observed in the 

brain, which were Cho, Cr, NAA, and lactate. The imaging protocol included the 

acquisition of T1-weighted 3D SPGR (TR=26 ms, TE=3 ms, 3 mm slice thickness, 

256x256 matrix, FOV=240x240 mm, flip angle = 40°), T2-weighted FLAIR 
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(TR=10002 ms, TE=127 ms, TI=2200 ms, 3 mm slice thickness, 256x256 matrix, 

FOV=240x240 mm, flip angle=90°), and proton-density weighted fast gradient echo 

coil sensitivity images (TR=150 ms, TE=2.1 ms, 3 mm slice thickness, 64x64 matrix, 

FOV=300x300 mm, flip angle=20°). 1H 3D MRSI data was acquired using PRESS 

volume localization with CHESS water suppression and VSS outer volume 

suppression. The spectral array dimensions were 16x16x8 with 1 cm3 nominal spatial 

resolution. The rectilinear k-space sampling was restricted to a central ellipsoidal 

region in order to reduce the scan time to 17 min with TR=1.1s and TE=144 ms. 

Spectroscopic data were sub-sampled to simulate a reduction factor (R) of two in 

kx and ky directions (R=4) for both SENSE and GRAPPA approaches. For the 

GRAPPA data, 2 full lines of data in kx and another 2 lines in ky were used as 

autocalibration lines. Figure 6.1 shows the sampled voxels in a given slice for 

ellipsoidal, SENSE and GRAPPA methods. Black voxels represent the k-space data 

that are not sampled. The white lines in the GRAPPA sampling pattern represent the 

autocalibration lines. The original ellipsoidal k-space sampling acquired 952 out of the 

full 2048 (16*16*8) voxels within 17:45 minutes with a TR=1.1s. SENSE ellipsoidal 

datasets were composed of 238 acquired voxels,  that would result in 4:36 minutes of 

scan time. GRAPPA ellipsoidal datasets had 582 acquired voxels that would take 

10:67 minutes. 

 

Data Processing and Analysis 
 Regions of hyperintensity on FLAIR (T2L) images were segmented using an in-

house region growing algorithm to differentiate tumor areas (81). Voxels in the PRESS 
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box outside of the T2 hyperintensity were assumed to represent normal brain 

(Normal). 

 

 

Figure 6.1. The k-space sampling patterns for the ellipsoidal, ellipsoidal SENSE, and 
ellipsoidal GRAPPA approaches. 

 

 Individual proton density weighted images from the coils were divided by their 

combined sum of squares images. The resulting images were filtered with median and 

low-pass homomorphic filters consecutively to smooth the image discontinuities. Coil 

sensitivities were resampled to twice the spectral resolution for the in-plane directions. 

The images were dilated by a 3x3 kernel to preserve the edges of the image before 

resampling. 

The spectral data for each coil were separately filtered by a 4 Hz Lorentzian filter, 

and Fourier transformed from k-space to the spatial domain and from time to 

frequency. After this pre-processing, each voxel was analyzed separately, and the 

spectra were phased, frequency shifted to match a template peak file, and water 

baseline was removed using in-house developed software (47). The spectra from each 
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channel were then combined as a weighted sum using the smoothed coil sensitivity 

maps. 

 SENSE reduced ellipsoidal spectra were processed like the original ellipsoidal 

spectra. The resultant spectral images had aliasing artifact due to their half FOV in 

both x and y directions. The spectra were unaliased by four fold using the SENSE 

algorithm (71) developed in Matlab 6.5 (The Mathworks Inc., Natick, MA) as 

described in Chapter 4. GRAPPA prepared ellipsoidal data were processed by least 

squares fitting in the Fourier domain to reconstruct the missing k-space lines as a 

combination of the acquired lines as described earlier in this chapter. A multi-column 

multi line interpolation (MCMLI) that uses the nearest neighboring points in the 

unaccelerated direction as well for synthesis of missing lines has been used for 

GRAPPA fitting (84). 

 Choline, creatine, and NAA heights were estimated in the frequency domain from 

the real spectra (47). Lipid peaks often had a different phase than the other peaks if 

they were a result of aliasing. NAA, and lipid heights were also separately estimated 

from the absolute spectra, and lipid contaminated voxels were detected as the ones that 

had abs(Lip)>abs(NAA) within the Normal regions for the volunteer and patient data. 

Signal to noise ratio (SNR) was estimated as the height of a peak divided by the 

standard deviation of the noise calculated from the right hand end of the spectra. 

Median Cho/NAA ratios were estimated in the normal and tumor regions. A Spearman 

rank correlation coefficient was used to detect if Cho/NAA results were correlated 

between the original ellipsoidal data, and SENSE or GRAPPA reduced ellipsoidal 

data. P values of less than 0.05 were considered significant. 
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Results 
 Table 6.1 lists the SNR values of the three metabolites of interest, Cho, Cr, and 

NAA and Table 6.2 lists the ratio of the SNR values as estimated from the original, 

SENSE, and GRAPPA ellipsoidal datasets.  

 

Table 6.1. SNR values of the spectral metabolites for the original, GRAPPA and 
SENSE ellipsoidal datasets for the patients (median±std). 

 Original GRAPPA SENSE 
Cho 38.43±6.14 28.2±5.92 12.55±2.27 
Cr 33.38±8.37 25.6±7.16 10.23±2.96 

NAA 59.26±15.47 48.26±13.44 19.06±5.46 
 

Table 6.2. SNR ratios of the metabolites calculated from the original (O), SENSE (S), 
and GRAPPA (G) median±std ellipsoidal spectra for the patients (median±std). 

 O/G O/S G/S 
Cho 1.33±0.13 3.02±0.25 2.37±0.11 
Cr 1.37±0.14 2.98±0.25 2.30±0.11 

NAA 1.30±0.13 2.92±0.20 2.31±0.07 
 

SNR is directly proportional to the square root of the data acquisition time. According 

to the theoretical estimates, the fully sampled ellipsoidal spectra should have had 1.28 

(√952/√582) times more SNR than the GRAPPA ellipsoidal spectra, and 2 

(√952/√582) times more SNR than the SENSE ellipsoidal spectra. The theoretical 

expectation was roughly met for the GRAPPA ellipsoidal spectra.  SENSE spectra had 

almost had one third of the original ellipsoidal SNR which was around 1.5 times less 

than the expected value. This loss of SNR was due to the noise amplification as a 

result of the geometry factor effect.  

 Table 6.3 shows the median and maximum of the g factors for the volunteer, 

phantom, and patients’ spectra. Median of the median g factors was 1.65±0.05 for the 

patients. 
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Table 6.3. Geometry factor (g) values for the SENSE reconstruction in tumor and 
normal regions for the patients and the whole PRESS box region for volunteer and 
phantom (median±std, and maximum) 

 Normal Tumor 
 median+std max median+std max 

Volunteer 1.57±0.15 1.98 - - 
Phantom 1.69±0.34 3.03 - - 
Patient1 1.65±0.20 2.37 1.56±0.11 1.90 
Patient2 1.64±0.14 2.26 1.65±0.11 1.87 
Patient3 1.7±0.15 2.24 1.57±0.11 1.84 
Patient4 1.74±0.17 2.32 1.84±0.18 2.15 
Patient5 1.6±0.23 2.33 1.69±0.07 1.91 

 

 Table 6.4 shows the total number of lipid contaminated voxels for the original, 

SENSE, and GRAPPA ellipsoidal spectra. It was observed that both GRAPPA and 

SENSE increased the amount of lipid within the normal regions of the spectra. But, 

this effect was more pronounced for the SENSE reconstruction. 

 

Table 6.4. Number of voxels that have an absolute lipid height bigger than the absolute 
NAA height for the three different data types in the normal regions. 

 Original GRAPPA SENSE 
Volunteer 0 0 5 
Patient1 6 23 61 
Patient2 0 0 11 
Patient3 0 0 5 
Patient4 29 50 69 
Patient5 1 29 51 

 

 Table 6.5 shows the median Cho/NAA within the tumor and normal regions. It 

was observed that SENSE and GRAPPA results were similar to the original data 

results for all the cases. All the patients except patient 2 had increased Cho/NAA 

levels within the tumor region in comparison to the normal regions. 
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Table 6.5. Median Cho/NAA values within the normal and tumor regions for patients, 
and within the whole PRESS box for the volunteer and phantom data as calculated 
from the original (O), GRAPPA (G), and SENSE (S) spectra. 

 Normal Tumor 
 O G S O G S 

Volunteer 0.48 0.48 0.49 - - - 
Phantom 0.56 0.57 0.56 - - - 
Patient1 0.73 0.74 0.69 1.71 1.64 1.69 
Patient2 0.62 0.6 0.6 0.63 0.61 0.60 
Patient3 0.62 0.64 0.58 1.45 1.09 1.23 
Patient4 0.84 0.83 0.82 2.54 1.52 1.72 
Patient5 0.53 0.54 0.53 1.25 0.75 0.78 

 

 Spearman rank correlation coefficient results showed a significant (p<0.05) 

correlation of the Cho/NAA ratios between the original and SENSE, and original and 

GRAPPA ellipsoidal spectra for all the cases within normal regions, and for most of 

the cases within the tumor regions. Table 6.6 shows all the rank correlation 

coefficients (r) within normal and tumor regions. Cho/NAA ratio was not found 

significantly correlated between GRAPPA and original spectra for patient 4, and it was 

not significant between SENSE and original spectra for patient 5. 

 

Table 6.6. Spearman rank correlation coefficient values (r) for the Cho/NAA ratio 
correlation in the normal and tumor regions between original and GRAPPA (O & G), 
and original and SENSE (O & S) spectral results (*: p<0.05). 

 Normal Tumor 
 O & G O & S O & G O & S 

Volunteer 0.84* 0.85* - - 
Phantom 0.4* 0.57* - - 
Patient1 0.63* 0.68* 0.84* 0.82* 
Patient2 0.67* 0.72* 0.66* 0.52* 
Patient3 0.69* 0.66* 0.69* 0.8* 
Patient4 0.45* 0.44* 0.11, p=0.6 0.5* 
Patient5 0.66* 0.73* 0.75* 0.26, p=0.11 
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 Figure 6.2 shows a slice from the phantom data. T1w SPGR image with the 

spectral PRESS box and spectral selection is shown along with the three different 

spectra estimates. It was observed that both techniques resulted in spectra that were 

similar to the original dataset. GRAPPA had some signal variation across the voxels, 

and SENSE had some voxels that are not fully unaliased like the top right corner 

voxel. 

 

Figure 6.2. T1w SPGR image of the phantom is shown at the top row. a. SENSE, b. 
Original, and c. GRAPPA ellipsoidal spectra. 
 

 Figure 6.3 shows an example patient case. T1w SPGR post Gd, and T2w FLAIR 

images are shown at the top left and right respectively. The PRESS box is shown with 

yellow, and the spectra from the black box is shown at the bottom row as calculated 

from the SENSE(a), original (b) and GRAPPA (c) ellipsoidal data. The voxels marked 

with gray are the ones that had a CNI [2] value bigger than 2, which are typically 

considered to be tumor voxels. Both spectra showed higher Cho and lower NAA 
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intensities for tumor areas as for the original spectra. GRAPPA intensities were lower 

at the edge of the cavity, and SENSE had a closer approximation of the tumor areas 

than GRAPPA in this case. 

 

 

Figure 6.3. Top left: T1w SPGR image, and top left: T2w FLAIR image along with the 
PRESS box (yellow), and some spectral voxels (black box) for a glioma patient. 
Spectra from the black box is shown at the bottom row as it was estimated by the 
SENSE (a) ,original  (b), and GRAPPA (c)  ellipsoidal datasets. 
 

Discussion 
 
 This study investigated the feasibility of using GRAPPA or SENSE parallel 

imaging approaches on the ellipsoidally reduced k-space datasets of phantom, 

volunteer, and patients. Our results showed that both GRAPPA and SENSE ellipsoidal 

spectra Cho/NAA ratio results had significant correlation with the original ellipsoidal 

 109



  

spectra results. An increased lipid artifact was observed in the SENSE ellipsoidal data, 

due to imperfect unaliasing. GRAPPA ellipsoidal spectra had more intensity variation 

across the slices than the SENSE spectra, and it resulted in lower intensities around the 

cavities for tumors. Both spectra would reduce the MRSI scan time significantly, and 

would therefore alleviate patient discomfort. Further studies will investigate the 

reasons of GRAPPA intensity variations, and methods of reducing residual lipid 

artifact for SENSE. The implementation of the GRAPPA technique could also be 

improved by acquiring a reduced set of autocalibration lines. 
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7 . Ellipsoidal SENSE with Effective 9 Fold Scan Time 
Reduction for Small FOV 3D MR Spectroscopic 
Imaging of Glioma Patients at 3T 
 

 This chapter details the implementation of the data acquisition and reconstruction 

of the combinatory ellipsoidal SENSE sampling for a nine fold scan time reduction for 

fast MR spectroscopic imaging of gliomas at 3T.  The results were quantitatively 

compared with the ellipsoidal sampling. 

    

Rationale 
 Although 3D MRSI provides a vast of molecular information, conventional 

PRESS localized spectroscopy results in a long data acquisition time ranging up to 30+ 

minutes. It is desirable to reduce the scan time for MRSI to less than 10 minutes while 

preserving the data quality for effectively incorporating it into the clinical protocols. 

Ellipsoidal k-space sampling is a fast MRSI data acquisition strategy, which acquires 

an ellipsoidal central portion of the k-space and it has been shown to result in accurate 

spectral definition for imaging brain tumor patients with slightly lower spatial 

resolution (80). Sensitivity encoding (SENSE) is another fast data acquisition method 

proposed for reducing the MRSI scan time by acquiring fewer phase encodes, and later 

resolving the resulting aliasing using the coil sensitivity information of the phased 

array coils (71,73). Application of SENSE method for spectroscopic imaging of human 

brain at 1.5 T (73) and glioma patients at 3T (4) has been reported. Other fast MRSI 

data acquisition methods include echo planar and spiral spectroscopic imaging which 

utilize readout gradients (85,86). A recent study also reported that combining the 
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SENSE and echo planar sampling schemes resulted in drastic data acquisition time 

reduction (87).   

 Chapter 5 discussed the application of SENSE MRSI in glioma patients at 3T. 

Chapter 6 presented the feasibility of combining the ellipsoidal sampling with the 

GRAPPA and SENSE techniques for faster data acquisition on simulations. In this 

chapter, implementation of a combined ellipsoidal SENSE data acquisition strategy 

with an effective 9-fold reduction in scan time that results in 4:36 min scan time for a 

16cm in plane small FOV (16x16x8) spectral array will be discussed. The feasibility of 

its application for imaging brain tumors will also be investigated. A quantitative 

analysis of the resulting SNR, Cho/NAA ratio within tumor and normal regions and 

comparison of lipid contamination in the ellipsoidal SENSE spectra with that in the 

current clinical ellipsoidal MRSI protocol will be detailed using phantom, volunteer 

and brain tumor patient data acquired by an eight channel phased array coil at 3T.   

 

Materials and Methods 
 

Data Acquisition 
 One phantom, 3 volunteers (2 females, 1 male, mean age =26), and six glioma 

patients (4 Grade IV, 2 Grade III,  1 female, 5 male, mean age=53) were scanned on a 

3 T clinical MR scanner (GE Healthcare, Milwaukee, WI) equipped with an eight 

channel RF coil (MRI Devices Inc, Gainesville, FL). The imaging protocol included 

the acquisition of T1-weighted SPGR (TR=26 ms, TE=3 ms, 3 mm slice thickness, 

256x256 matrix, FOV=240x240 mm, flip angle = 40°), T2-weighted FLAIR 

(TR=10002 ms, TE=127 ms, TI=2200 ms, 3 mm slice thickness, 256x256 matrix, 
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FOV=240x240 mm, flip angle=90°) and proton-density weighted fast gradient echo 

coil sensitivity images (TR=150 ms, TE=2.1 ms, 3 mm slice thickness, 64x64 matrix, 

FOV=300x300 mm, flip angle=20°). Ellipsoidal SENSE spectral data acquisition 

was implemented on the traditional PRESS MRSI sequence with CHESS water and 

VSS outer volume suppression (TR/TE=1.1s/144 ms). Figure 7.1 shows the sampling 

schemes for the ellipsoidal and ellipsoidal SENSE for a 16x16x8 k-space array. 

 

Figure 7.1. Sampling schemes for the ellipsoidal and ellipsoidal SENSE for a 16x16x8 
k-space array. The gray ellipsoidal region corresponds to the sampled k-space 
frequencies for the ellipsoidal scheme, and the black dots represent the k-space points 
sampled for the ellipsoidal SENSE with Rx=2 and Ry=2. For ellipsoidal SENSE, only 
the even points were sampled along both kx and ky. 
 

 The gray ellipsoidal region represents the k-space sampling area for the ellipsoidal 

scheme. The black dots represent the k-space points sampled for the ellipsoidal SENSE 
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(Rx=2, Ry=2), and only the even k-space points were sampled along kx and ky. The 

central low spatial-frequency k-space locations were more fully sampled for both 

techniques. Ellipsoidal SENSE (16x16x8, Rx=2, Ry=2, 4:36 min) and original 

ellipsoidal (16x16x8, 17:32 min) data were acquired with the same FOV from 

phantom and volunteers. Ellipsoidal spectral array size was reduced to 12x12x8 (9:28 

min) for patients due to scan time limitations. The total number of k-space points 

sampled were equal to 238 (16x16x8) for the ellipsoidal SENSE, and 952 (16x16x8) 

and 516 (12x12x8) for the ellipsoidal sampling.  

 

Data Reconstruction and Analysis 
 T2 hyperintensity excluding the cavity areas for the patients were segmented as 

regions of hyperintensity on the FLAIR (FL) images using an in-house semi-

automated region growing algorithm, and were regarded as possible tumor containing 

areas (81). The brain parenchyma outside the FL abnormality was considered as the 

normal brain tissue. Proton density weighted coil sensitivity images for each coil 

element were divided by the square root of the sum of squares of the coil sensitivities 

from all the coil elements, and smoothed to reduce the anatomy related 

inhomogeneities by applying median and low-pass homomorphic filters (3).  

 Ellipsoidal spectra from individual coil elements were apodized with a 4 Hz 

Lorentzian filter, Fourier transformed into spatial-frequency domain and combined 

using regular coil sensitivity weighting. Ellipsoidal SENSE spectra were also pre-

processed in the same manner as the ellipsoidal spectra to generate aliased spectral 

images for each coil element. The resulting spectra were unaliased and combined with 
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SENSE spectral data reconstruction implemented using MATLAB 7.0 (The 

Mathworks Inc., Natick, MA). The spectra were unaliased to double the original size 

(32x32 matrix) to take into account the lipid aliasing problem of small FOV 

spectroscopy (3). Tikhonov’s simple regularized inversion was used to condition the 

SENSE matrix inversion (77).  The effect of regularization in data reconstruction was 

assessed on the previously acquired ellipsoidal spectra of four other glioma patients. 

Ellipsoidal SENSE sampling was simulated on these datasets and the resulting spectra 

were reconstructed with and without regularization. The similarity and differences of 

the regularized and unregularized spectra were investigated.  

 Frequency and phase corrections were applied for each spectrum and the residual 

water and baseline was removed using in-house software (47). The signal to noise ratio 

(SNR) of Cho, Cr, NAA and lipid were estimated by normalizing their peak heights 

with the standard deviation of the spectral noise calculated from the left end of the 

spectrum. Geometry factor (g) maps were computed for ellipsoidal SENSE spectra. 

SNRs of metabolites from the ellipsoidal SENSE spectra were compared with that of 

the ellipsoidal spectra by using the following formula,  

  .
lEllipsoida

lEllipsoida

lSENSEEllipsoida

lSENSEEllipsoida

time
SNR

time
gSNR

=
∗          (7.1) 

 Lipid contaminated voxels were detected as the ones that had absolute lipid peak 

height bigger than the absolute NAA peak height within the normal regions for the 

volunteer and patient data. Spearman rank correlation coefficients were computed to 

assess the similarity of Cho/NAA ratio between the ellipsoidal and the ellipsoidal 

SENSE spectra over the whole PRESS selected region. A Mann-Whitney rank sum 

test was utilized to assess if the tumor regions had significantly different Cho/NAA 
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values than normal regions for ellipsoidal SENSE or ellipsoidal spectra for the 

patients. 

 

Results 
 Table 7.1 reports the effect of adding regularization to the SENSE data 

reconstruction by comparing the SNR of metabolites, median Cho/NAA ratio and 

number of lipid contaminated voxels with or without regularization for the simulated 

patient data.  

 

Table 7.1. The effect of regularization in terms of SNR, median Cho/NAA and the 
number of lipid contaminated voxels for the simulated patient data. 

SNR 
 

Cho Cr NAA 
med(Cho/NAA) # Lipid voxels 

Unreg 14.7 12 17.5 0.69 61 patient1 
Reg 14.5 12 20.5 0.67 11 

Unreg 17.4 18 29.1 0.6 11 
patient2 

Reg 25.6 26 45.6 0.59 0 
Unreg 13.2 12 23.3 0.58 5 

patient3 
Reg 19 16 31.6 0.59 0 

Unreg 14.8 14 27.9 0.53 51 
patient4 

Reg 19 19 35.9 0.52 4 
 

The median geometry factors were 1.65±0.05 before and 1.33±0.11 after regularization 

for these data. The SNR of metabolites increased on average by 30% after 

regularization due to the noise and g-factor reduction. The median Cho/NAA ratio did 

not change significantly (2-3%) with the addition of regularization. Regularization also 

resulted in less residual lipid contamination in ellipsoidal SENSE data. This effect was 

more pronounced in patients 1 and 4 whose spectra had high lipid aliasing.  
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 Table 7.2 reports the SNR of metabolites for the empirical data. The average SNR 

ratio of the ellipsoidal to the ellipsoidal SENSE spectra for all the metabolites, median 

of the geometry factors and the expected SNR ratio are also reported. The median of 

the geometry factors was 1.25±0.04 (max =1.3) for the volunteers and 1.33±0.11 (max 

=1.55) for the patients. The SNR of the ellipsoidal SENSE was slightly higher than the 

theoretical expectation for all the subjects, because the regularization reduced the noise 

in the spectra, and affected the noise estimate. Average SNR deviation from the 

theoretical expectation was 10.5% for the volunteers and 8.5% for the patients.  

 

Table 7.2. The SNR of metabolites and average SNR ratio of the ellipsoidal (E) and 
ellipsoidal SENSE (ES) along with the median g factor values and expected SNR ratio 
(sqrt(tES/tE)*g) for empirical volunteer (v) and patient (p) data. 

E ES 
 

Cho Cr NAA Cho Cr NAA
Avg(E/ES) median(g) Exp(E/ES)

v1 29.44 28.72 66.12 15.30 14.50 33.75 1.95 1.30 2.60 

v2 39.98 38.28 77.35 19.87 18.30 35.46 2.10 1.23 2.46 

v3 34.04 30.76 74.35 17.19 15.89 39.89 1.93 1.25 2.50 

p1 33.18 21.24 40.07 17.73 11.90 23.01 1.80 1.35 1.98 

p2 19.77 18.55 34.33 10.41 10.32 21.07 1.78 1.28 1.88 

p3 24.67 18.62 32.46 13.94 9.98 19.88 1.76 1.55 2.28 

p4 17.73 12.55 22.17 9.13 6.98 14.04 1.77 1.44 2.12 

p5 31.25 22.98 47.38 21.73 15.03 34.53 1.45 1.27 1.87 

p6 23.76 23.78 35.45 13.54 13.68 19.38 1.77 1.31 1.93 
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 Table 7.3 shows the median Cho/NAA ratio for ellipsoidal and ellipsoidal SENSE 

data and the Spearman rank correlation coefficient and corresponding p-value for the 

correlation of this ratio over the whole PRESS box for the two spectra. The number of 

lipid contaminated voxels for all the subjects are also reported in this table. The 

Cho/NAA ratios of the two spectra were significantly (p<0.001) correlated for all the 

subjects. Neither the ellipsoidal nor the ellipsoidal SENSE spectra had any lipid 

contamination for the volunteers. The ellipsoidal SENSE spectra had less lipid 

contamination than the ellipsoidal spectra for four patients with the same number of 

lipid contaminated voxels for one patient and two more voxels for another patient. 

 

Table 7.3. Median Cho/NAA ratios for ellipsoidal (E) and ellipsoidal SENSE (ES) 
spectra, the Spearman rank correlation coefficient (r) and corresponding p–value (p) of 
this ratio over the whole PRESS box, and the number of lipid contaminated voxels.  

 E 
med(Cho/NAA) 

ES 
med(Cho/NAA) r p E/ES 

# Lipid voxels 

phantom 0.53 0.52 0.9 <0.001 0/0 

volunteer1 0.46 0.45 0.82 <0.001 0/0 

volunteer2 0.53 0.55 0.73 <0.001 0/0 

volunteer3 0.45 0.45 0.88 <0.001 0/0 

patient1 0.87 0.83 0.75 <0.001 1/3 

patient2 0.55 0.5 0.6 <0.001 1/0 

patient3 0.79 0.69 0.25 <0.001 13/8 

patient4 0.8 0.71 0.29 <0.001 24/23 

patient5 0.68 0.64 0.71 <0.001 1/1 

patient6 0.68 0.7 0.79 <0.001 26/13 
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 Figure 7.2 shows the median Cho/NAA ratio within normal and FL abnormality 

regions for the patients. FL abnormal regions had significantly higher (p<0.05) 

Cho/NAA for both techniques for the second, third, fourth, and sixth patients. The 

ellipsoidal spectra had significantly higher (p=0.02) Cho/NAA in the FL abnormal 

region for the first patient, but the ellipsoidal SENSE spectra did not show a significant 

difference (p=0.17) between the two regions. The Cho/NAA ratio was not significantly 

different (p>0.05) between normal and FL regions for both techniques in the fifth 

patient.  

 

 

Figure 7.2. Median Cho to NAA ratio for the patients within normal and tumor regions 
as calculated from ellipsoidal and ellipsoidal SENSE spectra. 
 

 Figure 7.3 shows a slice of the T2-weighted FLAIR images of a volunteer along 

with the PRESS box selection (white) and the ellipsoidal and ellipsoidal SENSE 
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spectra from the black grid. Both spectra display a spectral pattern of a healthy brain 

and they were highly correlated (r = 0.88, p<0.001).  

  

 

Figure 7.3. Ellipsoidal and acquired ellipsoidal SENSE spectra from the black grid on 
the T2-weighted FLAIR image of a volunteer are shown at the bottom left and right, 
respectively. 
 

 Figure 7.4 displays ellipsoidal SENSE and ellipsoidal spectra from a patient 

diagnosed with glioblastoma multiforme, where both ellipsoidal SENSE and 

ellipsoidal spectra depict the tumor region with high Cho and low NAA clearly and 

they were highly correlated (r = 0.86, p<0.001).  
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Figure 7.4.  53 years old male patient diagnosed with glioblastoma multiforme. T2 
weighted FLAIR image is shown on the top. Ellipsoidal and ellipsoidal SENSE spectra 
from the black grid are shown at the bottom left and right, respectively. 
 

Discussion 
 Ellipsoidal SENSE MRSI was implemented for imaging gliomas in less than 5 

minutes with an effective 9 fold reduction in scan time at 3T. The peak height ratio 

results of ellipsoidal SENSE spectra were highly correlated with the clinically 

accepted ellipsoidal spectra. Both ellipsoidal SENSE and ellipsoidal spectra resulted in 
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similar spectral patterns over the PRESS box and had the ability to distinguish tumor 

regions from normal regions for this limited patient population. 

 Tikhonov’s simple regularized inversion conditioned the SENSE matrix inversion, 

and resulted in lower geometry factors and subsequently higher SNR. The addition of 

regularization to the data reconstruction also reduced the residual lipid contamination 

in the spectra, while it did not significantly affect the metabolite intensities. 

 The ellipsoidal SENSE spectra had high signal to noise ratio resulting in high 

quality and clinically interpretable spectra. However, one parameter affecting the high 

SNR was the point spread function effect of the ellipsoidal sampling which reduced 

the spatial resolution. Our previous results indicated a 2.2-2.5 fold spatial resolution 

loss for the ellipsoidal spectra, while the spatial resolution was same for the SENSE 

spectra in comparison to full sampling {Ozturk-Isik, 2006 #185}.  Ellipsoidal SENSE 

spectra suffered from a similar spatial resolution loss as the ellipsoidal spectra.   

 In conclusion, ellipsoidal SENSE k-space sampling reduced the scan time from 

37:42 min to 4:36 min for a 16x16x8 array. Reduced scan time can enable multiple 

spectral scans in a single patient visit. For example, additional short TE spectra can be 

acquired for the quantification of short T2 brain metabolites like glutamate and 

myoinositol. Faster MRSI techniques are expected to reduce the patient discomfort and 

motion artifacts while increasing the MR scanner throughput.  
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8 . Summary 
 The goals of this dissertation were to characterize the spatial heterogeneity of 

gliomas using MR spectroscopic and diffusion imaging techniques, to generate a post-

processing algorithm to reduce the amount of lipid contamination in MR spectra, and 

to develop new means of acquiring and reconstructing faster MR spectroscopic data.      

 This thesis first evaluated the spatial heterogeneity and correlations of 

spectroscopic and diffusion parameters in contrast enhancing, T2 hyperintense and 

metabolically abnormal areas in treatment naïve grade 3 glioma patients. According to 

the spectral and diffusion parameters, the contrast enhancement appeared to be the 

most malignant component of the grade 3 gliomas. However, only eighteen of the 

thirty-two patients studied had contrast enhancement. In patients with non-enhancing 

lesions, thirteen of the fourteen showed an abnormality with CNI≥2 and twelve of 

these thirteen patients had metabolically abnormal regions with CNI≥4. These regions 

reflected similar metabolic and diffusion characteristics as the contrast enhancement, 

indicating that CNI≥4 may be the most malignant part of the tumor in non-enhancing 

patients.  Intermediate CNI levels appeared to be regions where normal brain function 

and structure was compromised but which had only moderate tumor activity. The 

results of the study suggested that MRSI and diffusion parameters provide 

complimentary information that may be valuable for characterizing different parts of 

the anatomic lesion. Treatment planning can also be improved using the results of this 

study especially for non-enhancing patients, where the spectroscopic imaging can 

delineate a more specific target than the T2-weighted images. 
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 This thesis also consisted of the development of a post-processing method for 

unaliasing lipid resonances originating from in-slice subcutaneous lipids from the MR 

spectroscopic data of gliomas using an eight channel phased-array coil and the 

sensitivity encoding method at 3T. The lipid peaks that appear in the spectra might be 

due to the cell membrane breakdown, or a data acquisition artifact that would 

misrepresent the location of the subcutaneous lipid. The lipid unaliasing algorithm was 

effective in partially removing aliased lipid peaks for simulated and empirical data and 

only required 2-3 minutes of processing time on a Sun Blade Workstation. This 

technique detected aliasing problems and resolved only the aliasing lipids without 

affecting the other metabolites resonating at similar frequencies, especially lactate. 

Additionally, resident lipids that may be of biological importance would not be 

affected by this algorithm. The removal of aliasing lipid peaks can enable better 

spectroscopic quantification while using frequency domain methods. 

 The main limitation of acquiring the MRSI data for patients is the long data 

acquisition time. A current approach for faster MRSI data acquisition is to limit the 

data acquisition to a central ellipsoidal portion of k-space. For this thesis, a SENSE 

acquisition and reconstruction for spectroscopic imaging of gliomas was implemented 

to reduce the scan time by a factor of four. The SNR and metabolite intensity 

distributions of SENSE MRSI were compared with the fully or ellipsoidally sampled 

spectra in tumor and normal regions. Our results suggested that SENSE MRSI 

produced clinically interpretable and good quality spectra within less than 10 minutes 

scan time, and its results were highly correlated with the ellipsoidally sampled spectra. 

The nominal spatial resolution of SENSE spectra was also calculated to be same with 
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the full spectra, while ellipsoidal spectra acquired within the same scan time suffered 

from a 2.5-fold spatial resolution loss due to the PSF effect of the sampling. 

 This work next investigated the feasibility of reducing the data acquisition time 

further by combining ellipsoidal sampling with two parallel imaging techniques, 

SENSE and GRAPPA. The results of this study showed that both simulated SENSE 

and GRAPPA ellipsoidal spectra resulted in similar spectral patterns over the PRESS 

box with the original ellipsoidal spectra. The Cho/NAA ratios calculated from the 

GRAPPA and SENSE ellipsoidal spectra were highly correlated with that of the 

original ellipsoidal spectra. The SENSE spectra were observed to have a higher lipid 

artifact than the GRAPPA spectra due to imperfect unaliasing. However, there was a 

higher intensity variation across the slices for GRAPPA than SENSE ellipsoidal 

spectra, which resulted in lower intensities around the cavities of tumors in the 

GRAPPA spectra. Both SENSE and GRAPPA ellipsoidal spectra resulted in a 

significant reduction in scan time which would alleviate patient discomfort.  

 In the last part of this thesis, ellipsoidal SENSE MRSI data acquisition and 

reconstruction were implemented for small field of view spectral imaging of gliomas 

at 3T, and was quantitatively compared to spectra acquired with ellipsoidal k-space 

sampling. The ellipsoidal SENSE method drastically reduced the spectral scan time 

from 37:42 min (full sampling) by nine fold to 4:36 min in comparison to much longer 

clinically accepted ellipsoidal sampling (17:32 min) for a 16x16x8 array. The results 

indicated that both ellipsoidal SENSE and original ellipsoidal k-space spectra resulted 

in similar spectral patterns over the PRESS box that were highly correlated. The 

ellipsoidal SENSE spectra had distinguishable tumor and normal spectra similarly to 

 125



  

the ellipsoidal spectra. The scan time was less than five minutes for this technique, 

which would result in much less patient discomfort and motion artifacts. The scanner 

throughput would also be improved by scanning each patient faster. It would also be 

possible to acquire multiple spectra with different echo times within reasonable scan 

times. 

  The main disadvantage of fast MRSI data acquisition is the loss of signal to noise 

ratio. Future work will investigate the application of parallel imaging theories at higher 

field strength of 7T, which would enable higher SNR and better spectral dispersion. 

The SENSE based unaliasing methods can also be further improved by optimizing the 

regularization methods used for the spectral reconstruction. Another area of 

improvement for SENSE methods can be achieved by reducing the additional aliasing 

from outside the PRESS box using better signal saturation outside the area of interest. 

MR spectroscopic imaging is an important tool in brain tumor diagnosis, treatment 

planning, and monitoring the effects of therapy. The results of this dissertation can be 

utilized to both improve tumor characterization and acquire more accurate and faster 

spectroscopic data.     
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